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CHAIRMAN'S REMARKS 

Good afternoon.    I am happy to be here this afternoon representing 
the active Air Force interest in hypervelocity impact,  in company with Harry 
Davis of APGC,  and a few in-house workers and contractors,  some of whom 
are presenting papers.    I only wish there were more of us trying to do some 
active work in some small portion of this field. 

The introductory review paper in the field of experiments is by one of 
the more distinguished long-term workers in the field of hypervelocity impact 
and shaped charges,  Dr.   Robert Eichelberger of BRL. 
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INTRODUCTION -- EXPERIMENTAL STUDIES 

R.   J.   Eichelberger 

Ballistic Research Laboratories 
Aberdeen Proving Ground,   Maryland 

Before presentation of papers representing the results of experimental 
studies in iiypervelocity impact during the past eighteen months,   it is appropriate 
to consider the state of knowledge immediately after the Fourth Symposium. 

Experimental research generally falls into four -- not always readily 
distinguishable --- categories; 

a. Exploration of newly discovered phenomena; 

b. Procurement of qualitative observations for use in phenomenological 
or pseudo-theoretical mathematical description; 

c. Testing of existing theory,   qualitative or quantitative; 

d. Accumulation of numerical data for engineering use. 

Concerning each of these aspects of experimental research,   the state of the art 
after the Fourth Symposium can be superficially summarized as follows: 

1. Exploration of hypervelocity impact had long since been completed. 
A sufficiently clear and complete picture of the gross aspects of the problem had 
been presented at the Rand Symposium in 1955 to effectively end this stage. 

2. The phenomenological approach had provided a fairly complete des- 
cription of the ultimate effects of "hypervelocity" impact   (in many cases a question 
arose as to whether truly hypervelocity conditions had been attained) cm a variety 
of target materials;    i. e. ,   the form of the crater produced,   including the effects 
of oblique incidence,   the effects of fracture in brittle materials,  and the other 
final and static manifestations of the impact.     The transient aspects of crater for 
malion had been subjected to observation by means of a variety of novel and 
potentially very useful techniques;  although the experiments had not been sufficiently 
extensive nor thoroughly enough analyzed to provide detailed,   quantitative informa- 
tion,   they had yielded a physical model of the process that was accepted quite 
generally.     More will be said of this model below. 

■i.     The testing of theory had proceeded to the point of discouraging all 
the theoretical models that had been attempted prior to the Fourth Symposium. 
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EXPERIMENTAL STUDIES 

The various assumptions and simplifications used to arrive at tractable mathe- 
matical forms had all been proven too unrealistic to be trustworthy.   Only the 
theoretical approach of Bjork,   which does not depend upon a priori assumptions, 
remained as a possibly acceptable treatment.    With respect to Bjork's hydro- 
dj'namic calculations,   the experiments were inconclusive.    It had been amply 
demonstrated that,  at the relatively modest velocities attainable in the laboratory, 
strength properties of the target material were not negligible, as implicitly 
assumed to be in the hydrodynamic approach.    The velocities attainable had been 
well below the lower limit for which the theory was expected to be accurate,   how- 
ever,   so that the results did not constitute a critical test.    Attempts to verify or 
disprove the predictions of the theory with respect to influence of projectile density 
and target density had been entirely futile because of the disagreement among 
various experimenters as well as the inadequate velocity range. 

4.    The accumuliition of engineering data had, of course,   not even begun. 
In order to obtain such data,  one must be able to accurately simulate conditions 
to be encountered in application, and the velocities attainable by known techniques 
wore not nearly adequate.    Only in "müdel" tests,   with target materials having 
very low wave propagation velocities,  had truly hypervelocity impact even been 
observed under controlled conditions. 

la more specific terms,   the state of agreement (or disagreement) among 
experimental workers,   with respect to each of the primary physical variables, 
was: 

a. Velocity - It was widely accepted that,  neglecting low-velocity transi- 
tion regions,   crater volume (    r      ) is proportional to   V^ (V = impact velocity), 
although there were not infrequent "anomalies" presented,   and there was   consider- 
able reluctance to extrapolate the relationship beyond the range of the data.    The 
data had been extended to 10 km/sec by use of microparticle data,   and the linear 
relation between volume and energy appeared to be still valid.   It was also com- 
monly agreed that craters in all ductile materials would be very nearly herri- 
spherical at sufficiently high impact velocities, although a few workers held 
reservations about specific materials (not the same ones in all cases). 

b. Mass - The validity of linear modelling laws was almost universally 
accepted, having been demonstrated with a fair degree of precision over eleven 
orders of magnitude (lO'^gm to 10 gm) in mass. 

c. Shape - It was generally granted that projectile shape had no signi- 
ficant influence on crater form or dimensions neglecting,  of course,   the extremes 
of long rods or thin discs of very large diameter. 

d. Uensu^ - The influence of density,   of either the projectile or the tar- 
get upon crater dimensions continued to be <i. subject oi considerable controversy. 
Opinions ranged from quadratic relations  (between crater volume and projectile 
density) to no effect.    Unfortunately,   none of the experimental observations were 
made at sufficiently high velocities to permit the 'primary" penetration contribu- 
tion to the crater- to be neglected,   and only rarely were the data analyzed with any 
attempt to remove the recognized influence of density upon the early stage's of 
crater formation from the correlations. 
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EXPERIMENTAL STUDIES 

E.    Wave propagation velocity - With few exceptions,  experimental 
investigators agreed that the wave propagation properties of the target (or the 
projectile) had no direct influence upon crater formation,  at Least insofar as 
final dimensions were concerned. 

f. Compressibility - No attempt had been made to correlate crater param- 
eters with the Hugoniot properties of the projectile or the target. 

g. Strength - The strength of the projectile was generally held to have no 
measurable effect upon crater formation at velocities well above the transition 
values.    The strength of the target material,  as measured statically in terms of 
Brinell hardness number,   ultimate tensile strength,   or shear strength,  had been 
shown to have a primary influence at velocities up to 10 km/sec.    In addition to 
the more or Less routine experiments, observing impacts on targets of various 
materials or varying strength by heat treatment,  the effects of varying target 
temperature and of anisotropic properties of single crystals had also been clearly 
related to strength properties.    It was common'^acceded that the energy required 
to produce unit crater volume   (E/ T   ) is proportional to the Brinell hardness of 
the target material. 

h.    Obliquity - Although there were relatively few experiments reported on 
oblique impact,   the conclusions were in very close agreement.    It was generally 
accepted that craters formed at very oblique angles of incidence would have a de- 
gree of asymmetry dependent upon the impact velocity;   at sufficiently high veloc- 
ities,  the craters would be very nearly hemispherical,   however,  even at very 
Large angles of incidence.    It was also widely agreed that the crater volume would 
decrease with increasing obliquity,  although the precise relationship had not been 
well established. 

All of the above remarks apply only tc impact upon targets of ductile tna- 
terials and very Large dimensions.    Only very cursory observations had been 
made concerning impact on brittle (frangible) materials.    Experiments with 
thin plate targets had also been mainly exploratory,   there having been no sys- 
tematic,  quantitative results obtained.    Observations of phenomena associated 
with r-rater formation,   such as vaporization and ionization had been even more 
superficial. 

It must,   then,   be concluded that the significant successes of the experi- 
mentalists Lay almost exclusively in the realm of phenomoloyical studies of the 
mechanism of crater formation.     This type of work had demonstrated the in- 
herent weaknesses in all of the simple models used for mathematical treatment 
and had yielded a fairly detailed qualitative description of the sequence of events 
as they actually occur.     The attempts to develop empirical formulae have yielded 
no results that can he used with confidence because (a) they do not reach into the 
range of real hypervelocity for materials of interest;    (b)    there is no acceptable 
theory that will span the gap between the velocity range of the data and the hyper- 
velocity regime (the hydrodynamic approach in its present form is clearly not 
valid at low velocity);    and (c)    the formulae are subject to so much controversy 
that they are certainly not satisfactory in themselves for extrapolation.    The 
empirical work can be said to have provided only engineering data regarding 
impact at moderately high velocities and,   possibly,   a foundation for more useful 
experimental work or for t"Sting a more complete theory if one becomes available. 
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\   VELOCITY-Vp 

w 
(a) 

TARGET DENSITY •/> 
STRENGTH  PARAMETER • K 

(b) (O 

(d) (e) (f) 

^1    ^' 

(g) (h) (i) 

Figure 1.    Schematic representation of phenomenological model of crater 
formation. 

The phenomenological model of crater formation warrants a review, 
especially for those who are not particularly familiar with it.    The essential 
features are illustrated in Figure 1.    The first stages  (b,   c,   d) consist of a 
primary penetration resembling very closely the shaped charge jet penetration 
process.     In really hypervelocity impact,   the penetration velocity during this 
stage will be supersonic with respect to the target material.    The primary pene- 
tration is completed in a very short time and leaves only a very small crater, 
hut it has  resulted in the transfer of a great deal of energy to the target.    The 
energy is initially confined to a very narrow shell adjacent to the crater surface 
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because;   in typical cases, the early crater motion takes place at such a high 
velocity that the shock wave cannot increase the intervening distance.    The effect 
of the high energy density and the concomitant high particle velocity is an exten- 
sive cavitation.   which persists for- a time orders of magnitude longer than the 
primary penetration and results in a many-fold enlargement of the crater. 
During the latter stages of cavitation,  the energy density decreases and the motion 
of the crater surface becomes much slower;   the shock wave will then pull away 
from the surface and dissipate its remaining energy in plastic and elastic deforma- 
tion of the target material.    Finally,   the crater ceases to expand and undergoes a 
certain amount of contraction due to elastic recovery.    If the material is brittle, 
the remaining compression shock and reflected tension and shear waves may 
produce extensive fracture that will partially or completely obscure the form of 
the crater itself. 

During the primary and at least the early portion of the secondary (cavi- 
tation) portions of the process,   a. great deal of target material is ejected from the 
crater at moderately high velocities;    extensive shear deformation obviously takes 
place near the expanding crater surface during this time.     Later,   apparently, 
radial deformation occurs together with shear. 

It is also interesting to re-establish a reference by means of which one 
can judge whether experimental data are appropriate to hypervelocity impact.    The 
magnitudes of "transitional velocities" quoted by Hopkins and Kolsky during the 
Fourth Symposium still comprise as usefuL a set of values as are available.    Based 
upon theoretical considerations,  the values given for several of the common metals 
are: 

Steel Duralumin Aluminum Copper Lead 

Vl  (mm/fi   sec)     0.046 0.065 
V2  {mml ß  sec)     0.36 0.43 
Vo {mm//i  sec)     4.6 5.3 

According to Hopkins and Kolsky,   velocities in excess of   V2    would correspond to 
a bydrodynamic regime,   and might be considered marginally as belonging in the 
hypervelocity range.    To be assured of having attained a high enough velocity, 
however,   one would have to exceed    V3  ,    entering a "sonic" regime;    then, 
another transition to an "explosive" regime could still be anticipated for velocities 
above   SVT.    It is interesting to compare the velocities attained in experiments 
with these values. 

0. 013 0. 008 0. 002 
0. 19 0. 13 0. 04 
5. 3 3.75 2. 1 

337 



OBSERVATIONS OF CRATER FORMATION IN DUCTILE .MATERIALS 

John H.   Kineke,  Jr. 

Ballistic Research Laboratories 
Aberdeen Proving Ground,   Maryland 

INTRODUCTION 

In the past several years a qualitative model of crater formation in 
ductile materials has evolved,  primarily from the synthesis of basic experi- 
mental observations made at the Ballistic Research Laboratories and several 
other organizations.    This model was described by Gehring at the Fourth Hyper- 
velocity Impact Symposium (la),  and by Eichelberger and Gehring at the American 
Rocket Society (2).    Basically,   this model divides the crater formation process 
into four parts which can be characterized as the transient regime,  the steady- 
state regime,   the cavitation regime,  and the recovery regime. 

During the transient regime,  immediately after the projectile contacts 
the target,   the pressure at the interface is that which would occur under plane 
impact with no lateral flow.    Lateral flow of both projectile and target is initiated 
by a release of pressure at the boundary of the projectile.    At the same time shock 
waves are propagated into both the projectile and target from the contact, surface. 
When the two shock waves become stationary with respect to the interface the 
steady-state regime commences.     During the steady-state regime,   which persists 
for times of the same order as the transient regime  (less than one microsecond), 
the projectile and target are deformed hydrodynamically,   in accordance with the 
theory developed to describe the penetration of shaped charge jets ^'.    Because 
crater growth is proceeding at a rate in excess of the dilatational wave velocity 
of the target material the region of compressed material is confined to a thin 
shell adiacent to the crater surface. 

The cavitation regime begins when the projectile has been completely 
deformed and is no longer supplying energy to the target.    The crater continues 
to grow,   but ths shock wave detaches itself from the crater surface,   because it 
decreases in velocity less  rapidly man the free surface of the crater      During 
this regime the principal mode of deformation is shear,   which occurs parallel 
to the walls of the expanding crater.     The projectile and target material are both 
ejected from the crater at fairly considerable velocities,  and s. crater lip.is formed 
in the more ductile  target materials.     Finally,   the energy density in the region near 
the free surface of the crater becomes so low that the intrinsic resistance of the 
material to deformation cannot be overcome.     At this point the crater ceases  to 
increase in size.     In the fourth regime the crater may shrink somewhat,   due to 
plastic and clastic  recovery. 
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CRATER FORMATION IN DUCTILE MATERIALS 

TABLE I 

Target 
Material 

Pb 

Cu 

Cd 

Zu 

Steel - 1020 

Al - 2S0 

Al  2021+ 

Velocity 
Range 
km/sec. 

2-12 

2-12 

2-10 

2-10 

2.5 - 5-5 

2.5 - 02 

2.5 -  12 

Dependent 
Variable 

Weighted Least 
Squares Fit 

1/5 

V5 
c'  p 

Vmp 
p /«^ 

c p / 
P /* ^3 

c'   p 
P /m ^5 

c' -p 
P /m ^5 

c'   p 

c'  p 
1/5 

+ 0.599 ♦ O.TOOv 

- 0.766 ♦ O.67W 

+ 0.099 + 0.571V 

- 0.1*72 + 0.679v 

- 0.6U + 0.551V 

- O.696 + l.l28v, 

- 0.605 + 0.729V 

2/3 

2/3 

2/3 

V3 
2/3 

2/3 

2/5 

"Residual» 

O.llU 

0.225 

0.1lf7 

o.m 

0.078 

0.1*17 

0.165 

Pb 

Cu 

2   - 

2  - 

12 

12 

V»P1/5 

V-p1/5 

+ 0.891 

+ 0.551 

+ 1.358vp
2/5 

+ O.89OV 2/5 

p 

0.213 

0.01*0 

Cd 2 - 10 ^p1/5 + 0.285 ■K  1.136v  ^ 0.156 

Zn 2  - 10 V-P1/5 + 0.1+20 + 0.866v 2/5 

P 0.030 

Steel - 1020 2.5 - 5.5 v^1/5 
+■ 0.1*18 + 0.665v 2/5 

+ 1.088v 2/5 

p 

0.01*9 

Al  - 2S0 2.5 - 12 vV/5 
+ 0.515 0.131 

Al   ■  202U 2.5 - 12 D An ^ 
C    P 

+ 1.01*8 -.- 0.666v 2/5 

P 
0.191 

Pb 2  - 12 V /m 
(/   p + 3.917 + 0.885V 2 

P 
2.78 

Cu 2  - 12 Vc/B1p 
- 0.1*8l + 0.223vp

2 0.34 

Cd 2  - 5.5 Vc/mp 
+ 0.021* + 0.U5W 2 

P 
0.59 

Zn 2  - 5.5 Vc/»p - 0.295 + 0.26W 2 

P 
0.31* 

Steel  - 1020 2.5 - 5.5 Vc/ffip - 0.195 + 0.092V 2 

P 
O.18 

Al  - 2S0 2.5 - 5.5 V<>p 
- 6.029 * 1.131vp

2 
1.5^ 

Al - 202h 2.5 - 5.5 Vc/mp 
- 0.726 + 0.268v 2 

P 
0.1*0 

where v   Is In units of km/sec, P /»    '     is In units of 10    m/kg /  , p ' #    c   p ' ^^      ' 

Dc/m J1'5 is in units  of Kf'Sn/kg1'5, Vc/in    Is In units  of 10"5a5/kg. 
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CRATER FORMATION IN DUCTILE MATERIALS 

Öpik (4) and Bjork (5a) in discussing crater formation,   treated the early 
phases of the process.    At the last Symposium a phenomenological model was 
presented by Hopkins and Kolsky (lb).    They qualitatively discussed the entire 
process,  proposing that it could be divided into five regimes,  depending for their 
limits on the impact velocity and material properties.    These regimes are char- 
acterized as elastic,  plastic,  hydrodynamic,   compressible,  and thermal,   with 
progressively higher impact velocities required for each. 

This paper describes a number of observations which have been performed 
within the framework of the model of Eichelberger and Gehring.    These observa- 
tions fall into three general categories;    observations of the effect of target strength 
on final crater size;   observations of the rate of crater formation;   and observations 
of shock propagation and attenuation in targets after the impact of hypervelocity 
projectiles. 

EXPERIMENTAL OBSERVATIONS 

I.    Observations of the Effect of Target Strength on Final Crater Size 

a.    Crater Size Observations in Seven Metallic Materials 

At the Third and Fourth Hypervelocity Impact Symposia (1c)  (5b)  (5c),   crater 
data in semi-infinite targets of a number of materials were reported by the Ballistic 
Research Laboratories.    At the Fourth Symposium,  data for steel projectiles with 
masses up to 10 grams and velocities up to 10 km/sec were presented.    In the past 
year and one-half,   additional data at impact velocities up to 12 km/sec have been 
collected.     AU BRL data accumulated to date are summarized in Figures  1-4 and 
Table I.     The target materials investigated are 1100-0 aluminum,   2024 aluminum, 
cadmium,   copper,   lead,   1020 steel,   and zinc.    Crater depth    (Pc)   and crater 
diameter    (Dc)    have been normalized by dividing by the one-third power of the 
projectile mass.     Least square fits have been made of these data to the two-thirds 
power of the impact velocity.    Crater volume    (Vc)    has been normalized by dividing 
by the projectile mass;   it has been fitted to the square of the impact velocity.     Re- 
gressions and statistics are shown in Table  I. 

It should be noted that the regressions do not differ from those shown at the 
Fourth Symposium.    Thus it can be concluded that the additional observations at 
12 km/sec follow the same relation as those at lower velocities;    the volume of the 
crater' is proportional to the energy of the projectile.    This is in agreement with 
the hypothesis that a large portion of the crater volume is formed by a shear process. 
The common fundamental property of these seven materials which can be used to 
correlate all of the data is now known,    however-,  an empirical property,   the 
Brinell hardness,   has been used successfully as a gauge of the resistance of the 
targets to shear deformation.     It has been found that the ratio of the volume of the 
crater to the energy of the impacting projectile varies as the reciprocal of the 
Brinell hardness of the target,   independently of the mass of the projectile,  and 
independently of the density of the projectile,   for impart velocities greater- than 
the dilatational wave velocity of the target material. 
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Figure 2.    Summary of Normalized Crater Diameter Data for Seven Metal- 
lic Target  Materials  in a  Hanse of Impart  Velocities from 2  lo  12 km/sec. 

b.     Effect of Ambient Target Temperature on Crater Size 

At the  Fourth Symposium,   Allison,   Becker,   and Vitali (Id) reported 
observations of the effect of target temperature on craters in cadmium,   copper, 
lead,   and zinc.      These observations were made in order to determine the effect 
on cratenng of changes in the mechanical properties of the target.     Recently, 
these observations have been extended to include  1100-0 aluminum and 2017-0 
aluminum tested at temperatures in excess of 90 per cent of the melting point. 
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Steel pellpts  (mass:   0. 18 grams,   velocity.  5.01  km/sec) were fired into the 
targets at normal incidence TC volumes of the craters measured.     1 he vol- 
umes were plotted as a function of the normalized target temperature,   defined 
as the quotient of the target temperature at the time of impact    (   K)   divided by 
the melting temperature of the target    (   K);    these data are plotted in  Figure  5. 

fun.'. 
For the  1100-0 aluminum,   the crater volume is a continually increasing 

tction of the target temperature over the entire temperature:  range.    This be- 
havior is very similar to that exhibited by lead,   and since all the common 
elastic indices of pure aluminum are smoothly varying functions of temperatures, 
there is little hope of correlating these data with any single mechanical property. 
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Figure 4.   Summary of Normalized Crater Volume Data in 2SO Aluminum, 
2024 Aluminum,  1020 Steel and  Zinc in a Range of Impact  Velocities from 
2 to  5.5 km/sec. 

''"he results obtained with the 2017-0 alloy show that the crater volume is an 
increasing function of temperature in the  range from 0. 1    (77    K) to 0. 7  (550   K), 
above 550° K the crater volume is essentially independent of the target tempera- 
ture,   an effect which possibly may be correlated with the metallurgical behavior 
of 2017-0 aluminum at elevated temperatures. 
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Figure 5.   Effect of Target Temperature on Crater Volume in Targets of Two 
Aluminum Alloys. 

II.    Observations of the Rate of Crater Kormation 

a.     Rate of Crater Formation in Lead 

Crater formation in lead targets is illustrated in Figures 6a-6o.    The 
pictures are a sequence of flash radiographs at the indicated time intervals after 
impact.    These craters were made by 0, 18 gram steel pellets striking at 5. 01 
km/sec.     The  radiographs show the impacted surfaces of essentially semi-infinite 
targets,   and arc intended to demonstrate the manner and extent of ejection of tar- 
get material from the crater.    The material flows along the surface of the expand- 
ing (rater and is ejected at moderately high velocities.     At high impact velocities 
the mass of material ejected in this manner is very considerable;    the total 
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Figure 6.    Surface Phenomena Associated with Crater Fornsation in a Lead Target. 
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Figure 6 continued.    Surface Phenomena Associated with Crater Formation in a Lead 
Target. 

Pellet Material  -- Steei - 1095 

Pellet Mass -- 0. 18 grams 

Pellet Velocity   -- 5.01 km/sec 
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Figure 6 continued.    Surface Phenomena. Associated with Crater Formation 
in a Lead Tareet 
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Figure 6 continued.   Surface Phenomena Associated with Crater Formation 
in a Lead Target 
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Figure 6 continued.    Surface Phenomena Associated with Crater Formation in a Lead 
Target. 

Pellet Material   -- Steel - 1095 

Pellet Mass -- 0. 18 grams 

Pellet Velocity    -- 5.01 km/sec 
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Figure 7.   Maximum Normal Height of Material Ejected 
from Craters in Lead Targets. 

momentum in the direction from which the pellet impacted associated with this 
ejecta is  many times greater than the initial momentum,   in the opposite direction, 
of the impacting projectile,   so 'hat the total forward momentum that must some- 
how be absorbed by the target material is also many times greater than that of 
the projectile. 

The pieces of material ejected from the crater lip are not uniform in size. 
There is a definite trend toward larger pieces  later in the process.    These later 
pieces are ejected at continually lower velocities.     The maximum normal height 
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Figure 8.    Minimum   Outside   Diameter   of   the   Crater   Lip 
in Lead   Targets. 

of ejected material is plotted as a function  of time in Figure 7.    The points at the 
latest times may be unrepresentatively low,   because cjccta may have passed out 
of the field of the x-ray film.    The data indicate a maximum velocity of 1 km/sec: 
for the ejected material.     Since measurements have not been made of the ejection 
velocity as a function of ejecta size,   it is not possible to calculate the total  mo- 
mentum in the backward direction.     It can be stated,   however,   from measure- 
ments of the  mass of the target before and after impact,   that fully one-half of the 
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displaced crater volume is ejected under these impact conditions,   which yields r 
total ejected mass of about 35 grams,   compared to the incident mass of 0. 18 grams. 

Since lead is quite opaque to x-rays it is not possible to obtain an actual 
time history of the crater depth and diameter,   measured at the level of the impacted 
surface.    However,  it is possible to obtain an appreciation for the growth of the 
crater diameter.    In Figure 8 the minimum outside diameter of the crater lip has 
been plotted as a function of time.    This increases very rapidly for the first 100 
microseconds,  then rises more slowly,  apparently reaching a peak about 400 micro- 
seconds after impact.    Subsequently there is a decline in the crater lip diameter. 
The initial phase of the crater growth does not correspond to the duration of the 
transient and steady-state regimes in the model,  these having been calculated to be 
about one microsecond for the projectile used in this series of observations.   Rather, 
these observations fall in the cavitation regime,   where the material is flowing with- 
out impetus from the impacting projectile,  and where the resistance to flow is supplied 
principally by the dynamic shear strength.    Gradually,  as the energy density de- 
creases in the vicinity of the crater,   the shear strength becomes more effective and 
the rate of crater growth is slowed considerably.    Finally,  it is reversed,  due to 
plastic and elastic recovery,  eventually reaching its final value,  shown as the region 
between the dashed lines on the graph.     For comparison,   the final value of the inside 
crater diameter is plotted as a solid line on the same graph. 

b.     Rate of Crater Formation in Aluminum and Lucite 

The rates of crater growth in 1100-0 aluminum and in Lucite are shown 
in Figures 9-11.    The measurements of crater size in aluminum were made from 
flash radiographs,   while those in the Lucite were made from a streak camera 
record.     In both cases the projectile was a 0. 18 gram steel disc;    the impact veloc- 
ity into aluminum was 5. 01 km/sec,   while into Lucite it was 4. 6 km/sec.     Thus 
the impact conditions were almost identical with those in the crater rate study in 
lead described in Section II a.     The final crater in Lucite,   while difficult to meas- 
ure because of local fracture around the crater,   was  15 mm deep;    thus the crater 
formation process in Lucite is essentially complete in about 10 microseconds. 
In aluminum,   the duration of the crater formation process is about 60 microseconds, 
while the transient and steady-state phase should encompass about 0. 5 microseconds 
for the impact in aluminum and 0. 7 microseconds for the impact in Lucite,  because 
of the differing densities of aluminum and Lucite.    Thus,  in Lucite the cavitation 
regime lasts about fifteen times longer than the transient and steady-state regimes, 
while in aluminum it lasts about 120 times longer than the transient and steady- 
state regimes.    This difference is probably due to the difference in behavior of 
brittle and ductile materials at high rates of strain.     The more ductile aluminum 
exhibits a reduced resistance to deformation at extreme rates;    on the other hand, 
the less ductile  Lucite exhibits an increased strength,   over its static strength, 
at high strain rates.     (See Section III. ) 

c.     Rate of Crater  Formation in Wax 

Crater formation has been observed in nine-inch thick blocks of wax, 
transparent to 600 kilovolt x-rays.     A sequence of these craters at the indicated 
times is shown in Figure  i2a-12k.     Gross differences in exposure,   due to the  large 
thickness of the target,   made it necessary to use shielding in front of that part of 
the film which was directly exposed to the x-ray beam.     This effectively cut down 
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Figure 10.     Prnrtralion - Time History for a Crater Formed in an 1100-0 Aluminum Tartel.    Pellet Material •- Steel 
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Figure  11.   Penetration - Time History for a Crater Formed in a Lucite 
Target.   Pellet Material -- Steel -  1095.   Pellet Mass -- 0.18 grams. 
Pellet Velocity --4.6 km/sec. 
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the scattered radiation which otherwise would have obscured the image of the 
crater,  but at the same time produced a loss of detail in the crater lip.    The in- 
stantaneous crater diameter and crater depth,   however,  are clearly evident.    It 
should be mentioned that this sequence is not at exactly the same magnification. 

The first phase of the investigation with wax targets involved observation 
of craters produced by small explosive charges.    The craters shown in Figure 12 
were made by one-half inch diameter by one-half inch long tetryl pellets,  detonated 
while in contact with the surface of the target.    Subsequently,   crater formation by 
other size explosive charges and various hypervelocity pellets will be studied. 

The instantaneous crater diameter and crater depth are plotted in Figures 
13 and 14 as functions of time after impact of the detonation front on the target sur- 
face.    The crater diameter increases very rapidly in the first 100 microseconds, 
in the same manner as the minimum crater lip diameter does in the lead target; 
then,  a further,   much more slow,  increase in diameter ensues,   with rebound to 
the final value of the diameter commencing about 1000 microseconds after the 
crater started to form.    The rebound in diameter observed is about ten per cent 
of the final diameter.    The rebound is crater depth is much more pronounced. 
After the initial rapid rate of growth is completed the crater is forty per cent 
deeper than its final depth.    During the following 900 microseconds the crater 
depth decays exponentially,  and is still ten per cent greater than its final value 
when the last observation was made.    The ratio of crater depth to crater diameter, 
or crater profile,  plotted in Figure 15,  reaches its final value about 400 micro- 
seconds after the process started.    The final crater is not a hemisphere,  as would 
be expected in the case of pellet impact;    rather,  it is somewhat shallower,  because 
an explosive charge instead of a hypervelocity pellet was used.    Not only is the in- 
trinsic mechanism by which craters are formed by explosive charges different, 
because the energy is not all delivered in a direction normal to the surface of the 
target,  but also the energy applied per unit area of the target surface is less than 
5 per cent of that when a steel pellet impacts at 5 km/sec. 

III.    Shock Propagation and Attenuation 

Details of shock propagation,   and its attenuation,   associated with the 
impact of a hypervelocity pellet are best illustrated by using transparent targets 
and optical photography.     Figure  16 shows a selected frame in a sequence taken 
with a 1. 2 million frame per second framing camera.     The target is Lucite;    the 
impact was produced by a 0. 18 gram steel pellet,   striking at 4. 6 km/sec.     Eleven 
microseconds after impact the shock envelope and the free surface of the crater 
behind it can be seen.     For quantitative purposes,   a streak camera provides 
better data than a framing camera.     A rotating mirror camera picture of an im- 
pact similar  to that in Figure  16 is shown in Figure  17,   which constitutes a time- 
distance plot of events occurring in a plane that  contains the trajectory of the 
impacting pellet.     It shows:    (1)   the pellet before striking the target,    (2)   the 
shock wave in the target,     (3)    the surface of the expanding crater,   and  (4) the 
envelope of cracks propagating through the target.    The propagation of fracture 
in the target prevented observation of the crater after it had attained its final 
depth.     Representative data are shown in Figure  18.     The intensity of the shock 
wave in Lucite is plotted as a function of distance from point of impact.     The initial 
pressure is determined by the shock properties of the pellet and target materials 
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0.    10/i SEC. 
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C.   40/1 SEC. 

Figure  12.    Time - sequenc e of a Crater Forming in a Wax Target 
After the  Detonation of a Small  Explosive Charge on the  Surface. 
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Figure   12 continued.    Time-sequence of a Crater Forming in a 
Wax Target  After the Detonation of a Small  Explosive Charge 
on the  Surface. 
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Figure 12 continued.    Time-sequence of a Cratpr Forming in a 
Wax Target After the Detonation of a Small Explosive Charge on 
the Surface. 
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h.    640^ SEC. 

i.   840/t SEC. 

Figure  12 continued.    Time-sequence of a Crater ForiTiing in a Wax Target 
After the Detonation of a Small  Explosive Charge on the Surface. 
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Figure 12 continued.    Time-sequence of a Crater Forming in a 
Wax Target After the Detonation of a Small Explosive Charge on 
the Surface. 
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Figure  13.    Diameter  -  Time  History of a Crater Formed  in a  Wax Target 
by the  Surface Detonation of a Small  Explosive Charge. 
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Figure 14.    Penetration - Time History of a Crater Formed in a Wax 
Target by the Surface Detonation of a Small Explosive Charge. 
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Figure 15.    Variation of Shape with Time for a Crater Formed in a Wax 
Target by the Surface Detonation of a Small Explosive Charge. 
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Figure 18.   Shock Intensity and Rate of Crater Expansion in a Lucite Target 
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and the impact velocities;   it corresponds to the theoretical prediction for a 
plane impact.    The initial pressure falls off very rapidly,  as the wave propagates 
into the material,  even during the period in which the crater expands so rapidly 
that the shock wave cannot detach.    This is consistent with the concept that,  as 
soon as the deformation of the projectile and target begins,  the pressure at the 
contact surface will fall to the Bernoulli value (for compressible materials). 
The magnitude of the pressures should be particularly noted,  together with the 
fact that the pressure,   for a given pair of materials,  will increase with the square 
of the impact velocity.    It can be seen that the original pressure on the target was 
nearly 300 kilobars;   and,  at the distance of 15 mm in the target,  the pressure had 
fallen to approximately 20 kilobars,  or approximately 300,000 psi.    Note that the 
crater ceased to enlarge beyond 15 mm in depth,  and that the Lucite was able to 
withstand flow under a compressive force of this magnitude,   while the static ten- 
sile strength is of the order of 4, 000-6, 000 psi.    This supports the conclusion 
that the dynamic strength of the more brittle materials,  such as Lucite,  increases 
with increasing strain rate. 

CONCLUSIONS 

The experimental observations all tend to support the model discussed in 
the Introduction. 

1. The crater size observations at various impact velocities in a number 
of target materials,  and the crater size observations in the two aluminum alloys 
at various temperatures indicate that the strength of the target material is the 
predominant factor in determining the final crater size in targets of ductile 
materials. 

2. The investigation of shock propagation gives evidence that the dynamic 
strengths of materials under hypervelocity impact substantially exceed those 
under static loading conditions,  in targets of brittle materials. 

3. The observations of crater growth show that craters are formed in 
periods of time long compared with those for the completion of the transient and 
steady-state regimes.    They also substantiate the existence of a rebound in the 
crater dimensions in the latest stages of its development. 
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INTRODUCTION 

The purpose of this paper is to present the techniques and results of an 
experimental program being conducted in the Exterior Ballistics Laboratory at 
Aberdeen Proving Ground for the investigation of hypervelocily impact.    The 
intent of this program is to contribute to what are felt to be two basic needs for 
as complete an understanding as possible of the impact cratering process.    The 
first of these needs is for quantitative experimental information defining the stress 
levels,   deformation rates,   and behavior of solids under the severe conditions of 
loading associated with the cratering mechanism.    This information is necessary 
in the formulation of rational theoretical analyses describing the damage process. 
The second need is for means through which the validity of any particular theory 
can be evaluated.    At present,   little other than observation of the final geometry 
of an impact crater is possible.     It would be desirable to have methods available 
through which more detailed evaluations of the predictions of theoretical analyses 
could be accomplished. 

To fulfill the intent of the E. B. L.   program,   its major emphasis has been 
toward the development and use of experimental techniques capable of providing 
significant data concerning the transient response of targets to macro-particle 
impacts and the condition of targets subsequent to completion of the cratering 
process.     To date,   all experimentation has made use of wax targets.     This ma- 
terial was selected because of several attractive features it possesses for in- 
vestigations of the type desired.      The most important of these is that it provides 
a means whereby target blocks can be internally instrumented with relative ease 
for the purpose of gathering transient data.     Also,   it has a relatively low dilata- 
tional wave velocity (approximately  1. 85 km/sec) and,   as a result,   allows inves- 
tigations of a fairly broad range of impact conditions as determined by the  ratio 
(V/C) of impact velocity to dilatational wave velocity.     These characteristics 
coupled with the fact that the conventional mechanical properties and impact 
behavior of wax are essentially those of a soft,   ductile metal,   makes it well suited 
for the purposes at hand.    The specific material in use is Petroflex Plastic Wax* 

»Manufactured by Petroflex Corp. .   now Beeline Refining Co. ,  Sail  Lake City.   Utah. 
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( p = 0. 91 gm/cm^).    This is a petrolatum and paraffin mixture which is crys- 
talline in structure.    Its impact craters are visually similar to those in metallic 
targets having well formed lips and minimal spalling,   see Figure 1.    It may be 

Figure  1 

cast into homogeneous blocks free of entrained gas pockets and other inclusions 
with little difficulty. 

At present,   significant information regarding the impact  response of wax 
targets has been obtained from several types of tests.    These are; 

1) standard crater damage tests. 
2) tests in which data have been collected for determining the 

velocity of propagation and pressures of the disturbance 
generated in target blocks by pellet, impacts, 

3) tests   which provide data concerning the  final deformation 
slate and den   ity distribution in damaged targets, 

■4)   and investigation of the amount and condition of the material 
detached  from the target blocks as a  result of impai t. 

In the following presentation the techniques,  results ,   ami consequences of the 
above mentioned tests will be given.     In all  cases,   the experiments were   conducted 
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by firing 0. 30 cal plastic (ethocel,   p     =1.2 gm/cm ) projectiles initially weighing 
approximately one-half gram into nine inch cube target blocks.    An N. R. L.   type 
light-gas gun was used as projectile launcher in conjunction with an evacuated 
range facility'^'. 

CRATERING EXPERIMENTS 

Conventional cratering experiments were conducted on the wax target 
material for the purpose of obtaining a general knowledge of its impact behavior 
and to determine whether this behavior is similar to that exhibited by metals. 
These results have been reported elsewhere "' and will only be summarized 
here to provide a brief demonstration of the cratering characteristics of the ma- 
terial.    The data gathered in the course of the tests were the initial mass and 
impact velocity of the projectiles,   and the depth,   diameter,   and volume of the 
craters formed in the target blocks.    Crater dimensions were referenced to the 
undistrubed face of the blocks by removing the crater lips prior to making tneas- 
urements.     The range of impact velocities covered was 0. 46 to 5. 28 km/sec (V/C 
from 0. 25 to 2. 88). 

Figures 2,   3,   4,   and 5 present the data on cratering.    As can be seen by 
comparing these results with similar data for metallic targets,   the behavior 
demonstrated by these curves is qualitatively that of most metals.     In particular, 
this is true for such materials as copper,   zinc,   cadmium,   and lead for which 
data is available for a comparable  range of the parameter V/C.     (See,   for instance, 
References 3,   4,   and 5. )    In the case of lead,   considerable data are available for 
comparison and it is worthy of note that both this metal and wax demonstrate.the 
dip in the normalized crater depth versus impact velocity curve in evidence in 
Figure 2.     Also,   the linear dependence of crater area on impact momentum 
shown in Figure 5 is common to both.     Furthermore,   wax,   as lead,   possesses a 
non-linear relation between crater volume and kinetic energy of impact projectile. 
Figure 3. 

The general conclusion provided by the wax cratering data is that,   where 
comparison is possible,   this material's impact behavior is in no way qualitatively 
dissimilar to that of metals.     The consequence of this similarity of behavior is 
that it implies more detailed observation of the response of wax to the impact 
process can yield pertinent information on the  mechanics of impact damage in 
materials of more practical interest.    On this basis,   study of the transient re- 
sponse and the condition subsequent to crater formation of wax targets has been 
pursued. 

THE TRANSIENT RESPONSE OF WAX TARGETS TO IMPACT 

To obtain information concerning the transient behavior of targets under 
impact conditions , a technique has been developed which is capable of providing 
data concerning the propagation and particle velocities al the front of the disturb- 
ance generated in targets by an impacting pellet. The basis of this technique is 
the e. m. f. generated in a wire moving in a magnetic field. This is made use of 
by imbedding fine wires (0.003 in. Cu) at selected positions wilhin the targets, 
placing the blocks in a strong magnetic field,  and monitoring on oscilloscopes 
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the e. m. f.   induced in the wires when they are set in motion by the particles 
surrounding them during the target deformation process.    The monitored e. m. f. 
provides time of arrival data of the disturbance front at each wire station and 
the velocity history of each wire.    With this information,   it is possible to cal- 
culate the velocity of propagation of the front and the velocity of the particles 
behind it.    Consequently,   by use of the standard relations for conservation of 
mass and momentum through a shock,   the pressure,    p,    (strictly,   the com- 
pressive stress normal to the front),  and the volume change through the front 
can be determined.    These relations are: 

p    =      P0 Uv (1) 

T
/T0   =    (U - v)l U (2) 

where 

P    is the material density ahead of the front, o J 

U    is the velocity of propagation of the front, 
v     is the particle velocity directly behind the front,  and 
T   and    T    are the volumes per unit mass directly behind and 

ahead of the front,   respectively. 

To date,   two variations of the basic technique described above have been 
utilized.    In the first,   wires are placed through the entire width of the targets so 
that a nine inch length is normal to the trajectory of the pellet and transverse to 
the flux lines of the magnetic field surrounding the blocks,   see Figure 6.     The 
standard arrangement makes use of three pick-up wires monitored by iwo dual 
beam oscilloscopes.     The intermediate pick-up wire is observed on each oscil- 
loscope to provide reliable time of arrival data.     Typical records from a firing 
using the set-up are shown in Figure 7A.     The oscilloscopes are triggered by 
a break wire on the face of the targets. 

The second variation of the pick-up wire technique is identical to that 
just described except that the wires are placed within the blocks with only one- 
half inch of their length transverse to the magnetic flux lines.     This "short 
wire" arrangement provides data which can be more  reliably interpreted in 
terms of the particle velocity history in the disturbed target than the first 
variation.     This will be remarked upon in more detail later. 

The initial tests whicn were conducted with the velocity pick-up wire 
technique made use of the  first,      long wire,       variation described above'  v    . 
They provided a general survey of I he pellet engendered disturbance as ii 
traveled through the target bloc ks; gave   an indication of the usefulness and 
reliability of the experimental technique; and served as a guide in planning 
further tests.     A summary of the  must significant results from these tests will 
he given here.    The experiments were performed with wires placed either- three 
and six inches,    two,   four,   and six inches,   or one,   two,   and three inches from 
the impacted target face.     With these wire spacings,   extensive firings in  the 
low impact velocity range of 0.4 to 1. 6 km/sec showed the propagation velocity 
of the disturbance to be constant at about  1. 85 to 1. 90 km/sec.     This is the 
dilatational wave velocity of the target.     To observe  propagation vehicities 
definitely in excess of this constant value,   it was necessary to exceed an 
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impact velocity of 3. 0 km/sec with wires placed one,   two,  and three inches from 
the point of impact.    Results of such tests are shown in Figures 8A and 8B as 
plots of average wave velocity between wire stations versus impact velocity.   The 
first plot shows a constant average velocity between wires two inches,   four inches, 
and six inches from the face of the block for impact velocities up to 1, 6 km/sec. 
The second plot indicates that the wave velocity increases linearly (wires at one, 
two,  and three inches from face) with impact velocity.    As a means of reference, 
it is worth noting here that the final crater depths associated with the impacts 
above 3. 0 k-n/sec were greater than one inch,   the location of the first wire station. 

At impact velocities of 0. 76 km/sec and 4. 06 km/sec the long wire e. m. f. - 
time records provided by the oscilloscopes were used to evaluate the particle 
velocity directly behind the front of the disturbance traveling through the target 
blocks (see Referenced for the details of this analysis).    With this data and the 
propagation velocities provided by Figure 8,   the pressures and volume ratios, 

T IT 0.   at the front were determined from Equations 1 and 2.   „The results of 
these calculations are shown in Figure 9 as plots of pressure versus distance 
from point of impact and,   in Figure  12,   as points for the Hugoniot curve of the 
target wax.    To provide a referenoe scale for the data of Figure 9;   the final 
crater depth,  the tensile rupture strength (static),  and strong shock threshold 
pressure of the targets have been ind-icated on the graphs.    The latter pressure 
is that at, which the orooaeation velocitv first exceeds the dilatational value and is 

o ,2 " 
about 4 x  10    dynes/cm   . 

Two features of the data presented in Figures 8,   9,   and 12 should be re- 
marked upon here.    The first is the rapid decay of both propagation velocity 
(when above 1. 85 km/sec) and pressure as the wave front progresses through 
the targets.    A  more detailed knowledge of the character of the attenuation would 
be useful and naturally suggests the use of wire spacings appreciably smaller than 
the one inch of these data.    Details of the manner in which the propagation velocity 
decreases as the wave front travels into the blocks are required to avoid introduc- 
ing uncertainties in evaluation of   p   and  r / ^ 0   from Equations 1 and 2.     This 
difficulty arises when   U   exceeds  1. 85 km/sec and use is made of an average 
velocity determined by widely separated timing stations. 

The second significant feature of the data is the extremely good agreement 
between the experimentally determined low pressure portion of the Hugoniot and 
that predicted by the bulk modulus of the target   material,   i. e. dp =  -K. 

^TrTTo") 
This provides an encouraging overall evaulalion of the creditability of the pick-un 
wire technique. 

In order to obtain more detailed information concerning pressure and 
velocity of propagation,   tests are currently being conducted using a station-to- 
station spacing between wires of 1/4  inch.     Also,   the short-wire (1/2 inch trans- 
verse to magnetic field) variation of the basic wire technique is being utilized. 
This is done to avoid the somewhat tedious and uncertain analysis  required to 
determine particle velocities from tne  long wire e. m. f. -time records.     The dif- 
ficulties are a result of the fact that the length of a long wire in motion continually 
increases as it is enveloped by the hemispherical wave front.     However,   a half- 
inch wire length is sufficiently short to be considered constant for practical pur- 
poses and its velocity and that of the particles surrounding it is given by: 
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v =   e/B £ (3) 

where   e = observed e. m. f. ,  abvolts. 
B = magnetic flux density,   lines /cm^ 
i = length of pick-up wire,   cm. 

and 

At present,   the most extensive data obtained from short-wire tests are 
for an impact velocity of 4. 0 km/sec.    In Figure 10,  data of these experiments 
are given as a plot of average wave velocity between the 1/4-inch timing stations 
against distance from the impact face.    These data show the history of the veloc- 
ity of the front with considerable detail.    Specifically,   the rapidity and non- 
linearity of the decay should be noted. 
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To determine the pressures at the front of the disturbance,   the e. m. f. - 
time oscilloscope records were interpreted to evaluate the particle velocities 
directly behind the shock.     Typical  short-wire oscilloscope records are shown 
in Figure 7H.     To evaluate the particle velocity,   the peak e. m. f.   of these  re- 
cords is read and used in Equation  (3).    Thus,   with this data and the wave veloc- 
ities provided by Figure iu,   the pressures and volume ratios, r/ r0,   may be 
calculated.     In  Figure  11,   the averaged results of the pressure evaluations are 
shown on a semi-logarithmic pun of pressure against distance from the point of 
impact.    The data indicate an exponential decay with distance.    The rate of attenua- 
tion is of the order of 4 to  1  for each inch of travel.    This is in substantial agree- 
ment with the data of Figure 9. 
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The magnitude of the pressures shown in Figure 11 should be pointed out. 
At a distance of one inch from the target face,  the evaluated pressure is 56 x 10u 

dynes/cm2.    This is more than two ordcrs-of-magnitude greater than the conven- 
tional static tensile rupture strength of the wax (0. 24 x 10° dynes/cm2).    Also,   it 
should be noted that the strong shock threshold pressure of about 4 x 10° dynes/ 
cm2 is an order-of-magnitude greater than the rupture strength.    This latter 
pressure is reached at a distance of about 2 3/4 inches from the face of the target. 
Thus,   it is seen that relatively intense pressures are present at the shock front 
for appreciable distances into the blocks. 

The pressures set forth in Figure 11 and the corresponding values of  '"/ r 
given by Equation (3) are shown in Figure  12 as points for the Hugoniut curve of 
the target wax.    These data join well with those provided by the long wire tests 
at low pressure.     The agreement at higher pressures (30 x 10° dynes/cm2) is not 
as good,  but this was to be expected due to the uncertainty in the long wire pres- 
sure evaluations when   U   exceeded 1. 85 km/sec. 

TERMINAL CHARACTERISTICS OF TARGET BLOCKS 

In order to have definitive data regarding the condition of targets sub- 
sequent to completion of the cratering mechanism,   methods are being developed 
for examining their final deformation state and for determining the condition 
and amount of material detached from them as a result of impact.    Presently, 
the results of such experiments are only partially quantitative.     However,   they 
are informative and will be described here. 

To examine the final deformation state within targets,   they are cast in 
alternating layers of dyed and colorless wax,   fired upon,   and then sectioned 
through the center of the crater.     The result of such a test at an impact velocity 
of 4. 0 km/sec is shown in Figure  1.    As demonstrated by the photograph,   it has 
been possible to cast  a portion of the target in firmly bound layers having dis- 
tinct boundaries.    The most interesting fealui e of this photograph is the overall 
view it gives of the final target deformation.     In particular,   it is worth noting 
that the entire lower portion of the crater is definitely lined with the wax of the 
first colored layer below the surface.     The initial depth of the lower- boundary of 
this layer was about 5/8 inches while the final crater depth was  1   1/2 inches. 
This indicates that all the material actually expelled from the target during crater 
formation is initially quite close to the target surface and that the majority of the 
crater formation simply consists of transpurt of material from one location in the 
target to another. 

Aiuithcr interesting feature of the final condition of wax target blocks is 
the character of the highly disturbed region in the vicinity of the crater-.    This 
region is very distinct in any sectioned tar-get and can be seen in Figure  13.     It 
seems to be analogous to that seen in sectioned and etched metallic targets where 
an area of definite change in crystal structure is present'"'.    In the case of wax. 
it has been found that the density of this  region is definitely less than that of the 
undisturbed material.     Whether this is due to severe fracture or dilatation as a 
result of the pressure  release wave is not known. 
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Figure  13 

To investigate the amount and character of the material severed from 
damaged blocks,   their mass loss has been determined by weighing targets before 
and after firings.    Also,   a collector has been employed to gather the expelled wax. 
For 4. 0 km/sec impacts the mass of the detached material is approximately 30 
percent of that required to fill the final volume of the crater.     About two-thirds 
of this 30 percent consists of large spalls from  the lips  of the crater.    The re- 
maining third is in the form of small,   uniform size particles which apparently 
are separated from the target during the early stages of contact between pellet 
and target.     A further characteristic of the material expelled from targets is 
the presence of a very small amount of vaporization.     This is indicated by 
deposition of a very thin wax film on the observation ports of the evacuated range 
during tests.     No estimate of the mass of material vaporized has been possible. 
The presence of vaporization,   of course,   implies the existence of relatively high 
temperatures at the target surface during the very initial stages of crater forma- 
tion,   at least.     Further evidence of high temperatures is given by the recovery 
of charred particles of the plastic projectiles in use. 

DISCUSSION OF EXPERIMENTAL TECHNIQUE AND RESULTS 

Comment is necessary on the accuracy of the pick-up wire technique used 
to evaluate "wave velocities,   particle velocities,   and pressures..   Based on the 
reliability of the times  read from the oscilloscope records and the accuracy of 
wire placement,   the expected maximum errors of individual average wave veloc- 
ities determined in the long and short wire tests are    *   6 percent and    t    10 per- 
cent,   respectively.      Of course,   the  reliability of averaged data from a number of 
tests is better. 
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The adequacy of the method used to determine particle velocities is 
difficult to assess quantitatively.    Basically,  the usefulness of the technique 
depends upon whether the pick-up wires assume the motion of the particles sur- 
rounding them.    As a result of examining sectioned targets subsequent to impact 
tests for evidence of relative motion between wires and the material round them, 
and by comparing oscilloscope records from pick-up wires of various densities; 
it appears an accurate description of the wax's motion is provided by the e. m. f. - 
time data.    Furthermore,  the overall accuracy ot the entire method of data acqui- 
sition and reduction associated with determining particle velocities,   pressures, 
and volume ratios can be examined through use of the Hugoniot.    As noted earlier, 
the agreement of the experimentally determined low pressure portion of the curve 
with its predicted shape is very good.    At higher pressures,   comparison of the 
present results with extrapolated data (minimum pressure of 500 .-. 10    dynes/ 
cm") of tests performed on a paraffin wax (p also 0. 91 gm/cm   ) by investigators 
at Los Alamos ''' is also extremely good.    In fact,   the solid curve used to repre- 
sent the data points of Figure 12 is that of the analytic fit of the Los Alamos data. 

In view of the factors mentioned above,   it does not seem unreasonable 
to assign arbitrarily an accuracy to the Hugoniot data of about   *   15 percent.    Of 
course,  this figure applies to the averaged data of a number of tests and not the 
results of a particular experiment.    While greater accuracy is certainly desirable 
and is anticipated with refinement of techniques,   that presently attainable is not 
particularly distressing in view of the severe lack of quantitative data of the type 
provided by these tests.    In short,   the test results are meaningful. 

With the results presented in the preceding sections in mind, a brief 
partially quantitative,   description of the transient response of wax targets to 
impact can be given.     Attention must be focused on the 4.0 km/sec case (Figures 
10,   11,   and  12).     However,   this is totally representative,   since it is well within 
the hypervelocity region of the target material,   i.e. ,   V/C = 2. 16.    The pressure 
initially generated at the target face by the pellet is very intense and may be 
roughly estimated by extrapolation of the curve of Figure 10.    This gives a value 
of 230 x 10" dynes/cm   ,   a pressure three orders-of-magnitude greater than the 
conventional mechanical strength of the material ( — 0. 24 x 10    dynes/cm"). 
Associated with this intense pressure are temperatures sufficiently high to cause 
a very small amount of vaporization of the target.    Subsequent to the initial con- 
tact of pellet and target,    the pellet is  rapidly expended (in the order of 10 M sec), 
a relatively small amount of material is expelled from the block in the form of 
particles,   and a hemispherical shock front starts to travel through the target. 
The velocity and pressure of this front attenuate fairly rapidly as it progresses. 
By the time it has  reached the position of the final crater depth,   its pressure has 
decreased to about 36 x 10° dynes/cm-.    With continued travel,   the pressure 
decays to the strong shock threshold at a distance into the target about twice the 
final crater depth.    The wave front then travels at the dilatational velocity with 
continued decay of pressure,   see Figures 10 and 9A.    As regards the final defor- 
mation of the target,   reference to Figure  1  shows that very severe deformation of 
the target is confined to a region within about  1/4 inch of the crater surface. 
However,    as indicated by Figure  13,    the  material  is markedly disturbed to an 
appreciably greater depth. 

As noted previously,   the largest of the pressures represented by the 
results given here is several orders-of-magnitude greater than the conventional 
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mechanical strength of the target wax.    This is the case in any material suffering 
a hypervelocity impact.    The existence of such pressures at the front of the dis- 
turbance in the targets implies rather severe stress levels within the region under- 
going deformation.    As a result of these stresses,   it is frequently assumed the 
strength of the target material may be neglected in describing the cratering mecha- 
nism;    the customary basis of the assumption being that the mechanical strength is 
very small compared to the stresses.    The process of crater formation,   or at 
least portions of it,  is then termed "fluid" or "hydrodynamic".    The adequacy of 
this assumption is the subject of controversy and the usual justification for its use 
is certainly not tenable.    Whether the fluid concept of the impact process is rea- 
sonable must be based on a comparison of stress gradients and material strength, 
and not on a comparison of stresses,   per se,  and material strength.    Stated other- 
wise,  the pertinent question is whether the strength of the material is small com- 
pared to the inertial forces present during the impact deformation process.    Based 
on the criteria emphasized above,   arguments too numerous to elaborate on here 
may be devised to substantiate or refute the hydrodynamic concept of impact 
damage.    The authors' opinion is that it is an extreme simplification when applied 
to any stage of the cratering mechanism other than that when the project maintains 
a semblance of its integrity.    However,  arguments for or against the assumption 
are,   in the main,  of the plausibility variety. 

Definitive quantitative experimental data is needed to settle questions 
concerning the impact process such as that mentioned in the preceding paragraph. 
Such information can only be obtained from experiments specifically designed to 
yield pertinent and reliable results about the transient and terminal characteristics 
of cratering.     In this manner,   appropriate concepts can be conceived and evaluated. 
The techniques and results presented in this paper show that the study of wax tar- 
gets under impact conditions is a very useful means fur obtaining the desired 
information.     This is a result of the relative ease with which it can be instrumented 
and observed both during and subsequent to the cratering phenomenon.     Further 
advantage will be taken of its usefulness through design and application of meaning- 
ful experimental methods. 
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CORRELATION OF HYPERVELOCITY IMPACT DATA 

Walter Herrmann and Arfon H.  Jones 

Massachusetts Institute of Technology 
Cambridge,   Massachusetts 

ABSTRACT 

Published experimental data on cratering by high velocity projectiles in 
quasi-infinite metallic targets,   comprising over 1,700 data points,   generated at 
fifteen laboratories,   were collected and analyzed statistically.    The fit of the 
data to a simple power law was investigated,  and it was found that the penetration 
depth in the high velocity region is best fitted by the ncn-dimensional equation 

4= •< K    B 
d 

where    P   is the penetration,    u    the projectile dimension,      a       rp/rf 
the projectile to target density   ratio,   and        B = p, V /Ht .  where   V   is 
the projectile velocity and Hf the Brinell Hardness of the target,   in appropriate 
units.    The value of   k    is near 0. 36 for most materials,    it was found that the 
cratering efficiency could be approximately fitted by 

Vc 

where    E   is the projectile kinetic energy and   Vc the crater volume,   with a value 
of    k   near 3. 1 for most materials. 

The experimental data were also compared with the theoretical prediction 
of Grimminger,   Bohn and Fuchs,   Bjork,  öpik,   Whipple,   Langten,  and Grow,   and 
hydrodynamic  jet theory.     Only the theory of Rohn and Fuchs showed reasonable 
agreement over most of the velocity range.     Rased on this observation,   the fit of 
the data to an empirical expression of the type 

tl3. i.k, K",.,.(,+jCi) 

was investigated.     This expression was found to fit the experimental data for 
ductile projectiles over the entire experimental velocity range.    The constants 
ki   and   Kt were found to be close to Ü. (I and 4 respectively for most materials. 
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Validity of exirapolations of these expressions to higher velocities is 
discussed,  and it is concluded that,  because the expressions are not based on 
rational theoretical grounds,  extrapolation either to higher velocities or other 
materials cannot be carried out with any confidence. 

1.    INTRODUCTION 

Cratering and penetration of targets by projectiles traveling at velocities 
at which the projectile suffers severe deformation or breakup has recently re- 
ceived a great deal of attention,  due to the importance of this phenomenon in the 
protection and lethality of space vehicles and ballistic missiles. 

A great deal of experimental data has been published by a number of 
laboratories,  and considerable theoretical work has appeared during the last few 
years.    Limited comparisons of data from one laboratory with those from another, 
and of experimental data with theoretical predictions have shown some large dis- 
crepancies.    Considerable confusion exists,  because,  except in a few instances, 
the data from one laboratory are not directly comparable with those from another, 
since identical materials,  projectile shapes and velocity ranges were not used. 
Each laboratory has produced a different empirical expression which was found to 
fit the limited range in experimental parameters explored at that laboratory.    The 
empirical expressions are more or less contradictory, and when extrapolated to 
velocities of interest in space applications,  lead to large disagreements in predicted 
penetration. 

Consequently a study of currently available impact data was carried out in 
an effort to clarify the situation.    Insufficient data were available for projectile- 
target configurations,  other than normal incidence on a quasi-infinite metallic 
target,  to warrant extensive correlation,  and this study was therefore restricted 
to the latter configuration. 

2.    EXPERIMENTAL DATA 

During the data acquisition phase,   thirty  nine groups active in high velocity 
impact were contacted.    The work in progress at each laboratory is indicated in 
Table I.    Data on penetration depths,  diameters and volumes in quasi-infinite targets, 
released prior to April 1961,   was gathered. 

In many cases,  the data was presented in non-dimensional graphical form. 
Actual tabulations of measured quantities were supplied in only a few instances.    In 
most cases,   additional intormation had to be requested,   in order to extract meas- 
ured quantities from data plots.    In a few cases,   some difficulty was experienced 
in extracting measured quantities from data plots,   due to the fact that relevant 
information was not provided,   or because only excessively small scale data plots 
were supplied,   and as a consequence some uncertainty is associated with the cor- 
responding data. 

Considerable difficulty was experienced in obtaining reliable material 
property information.     Material properties such as indentation hardness were 
measured on the actual target specimens in only a few instances.   In many cases, 
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TABLE I    ESTABLISHMENTS     ACTIVE IN    HIGH   VELOCITY RESEARCH 
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material properties had to be taken from handbooks,   (Ref.  1) corresponding to the 
material specification,  with a consequent large uncertainty.    In several instances, 
material specifications were so incomplete as to make it impossible to deduce even 
very approximate values for material properties,  thus rendering the corresponding 
data valueless for the present correlation. 

It is very strongly urged that experimenters publish tabulations of measured 
quantities in all future work, and determine actual material properties of the target 
and projectile materials,  so that the experimental data will be more generally useful. 

The extracted data has been tabulated in uniform units and format in Ref- 
erence 2.    Over 1,700 data points were obtained for normal impact on quasi-infinite 
metallic targets.    Most of this data lay in the velocity range 1,500-10,000 ft/sec. 
Fifty-two projectile material-target material combinations are represented.    These 
are shown in matrix form in Table II together with the velocity ranges covered by 
the data for each material combination. 

For those material combinations for which a reasonably large number of 
experimental points existed,  plots of penetration versus velocity were prepared. 
Since both spherical and cylindrical projectiles of different sizes were represented, 
the penetration arbitrarily was normalized by the equivalent sphere diameter 
defined as 

,1/3 

(4 70 (i) 

While data for a few material combinations from individual laboratories was very 
smooth and showed little scatter,   most of the data showed scatter of the order of 
i    0. 05 in p/ d,  where    p    is the penetration depth.    With the above definition of 
d     ,   no shape or size effect could be detecieu within the scatter of the data.    How- 

ever,   lue scatter was in most cases such,   that in comparing spheres and cylinder 
of unit length to diameter ratio,     the cylinder length or diameter could be used 
directly as the equivalent sphere diameter without increasing the scatter significantly. 

3.    COMPARISON WITH PREVIOUS THEORIES 

Predicted penetrations on the basis of the theories of Grimminger (Ref.   3), 
Hohn and Fuchs (Ref.   4),  Öpik (Ref.   5),   Whipple (Ref.   6),   Langton (Ref.  '!)■,  Grow 
(Ref.   8),   and shaped charge jet theory (Ref.   9,   10) were inserted on the individual 
data plots,   covering twenty-four material combinations.     In addition penetrations 
predicted by Pjork's theory (Ref.   11) were inserted on plots for aluminum pro- 
jectiles striking aluminum targets,   and steel projectiles striking steel targets. 
Examples are shown in Figures  1  through 6. 

All of the theories were originally proposed for very high impact velocities, 
and would therefore not be expected to show good agreement in the experimental 
velocity range.     Most of the theories not only showed little agreement with the 
experimental data,   but also showed a different trend over the experimental velocity 
range.    One exception is the theory of Bonn and Fuchs,   which showed surprising 
agreement with the data at low velocities for quite a number of materials,   but 
generallv slightly overestimated penetration at higher velocities. 
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Bohn and Fuchs assumed that the resistance to projectile penetration was 
a combination of a static part,  proportional to the Brinell Hardness of the target, 
and a dynamic part proportional to the instantaneous projectile velocity squared. 
They therefore assumed that the force resisting penetration could be expressed as 

--fK+fW.'•)"}* 
(2) 

where  Ht is Die target Brinell Hardness (with dimensions of a stress in appro- 
priate units),     Pf  the target density,    v    the instantaneous velocity,  and    f     a 
shape factor defined by 

Tf/4 d» /«'"*   dA (3) 

where   (jA  is an element of the projectile area perpendicular to the direction of 
motion,  and  9* the inclination of that element to that direction.    For spherical 
projectiles,  the value f s 2/3 was given. 

Integration of the equation of motion 

- Fdx = -g-mpvdv 

between the limitsx~0.    V = V   ;XSP, V = 0,   where   V   is the initial projectile 
velocity and   p   the final penetration depth, yields 

(4) 

(5) 

where K.-ÖL 

and B  = -{"*) 
Here,    d    is defined nr-f-ording to Eq.   (1). 

A slight increase in the value of     f    would have the effect of reducing 
the predicted penetration at higher velocities,   thus leading to better agreement 
over the entire velocity range.     The comparative success of Hohn and Fuchs' 
theory suggested that an expression of the general type  Eq.   (5) might prove useful 
as an empirical correlation expression. 

4.    CONSTRUCTION OK EMPIRICAL EXPRESSIONS 

It is a great advantage to express empirical expressions in non-dimensional 
form.     It is therefore convenient to enquire into convenient non-dimensional param- 
eters formed from physical quantitie1: entering into the cratering problem.     The 
geometric quantities are straightforward;    viz. ,   characteristic projectile size   (J 
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TABLE II 
EXPERIMENTAL  PROJECTILE - SEMI-INFINITE TARGET 

Material Combinations for which Data are Available 
(Velocity Ranges in feet per Second are Shown) 
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TABLE II (Continued) 
EXPERIMENTAL  PROJECTILE - SEMI-INFINITE  TARGET 

Material Combinations for which Data are Available 
(Velocity Ranges in feet per second are Shown) 
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crater size   P    and projectile velocity  V    .    Not so obvious are the material 
properties important to the problem.    Drawing on static material properties quan- 
tities which might be considered to be relevant are the densities   /'p    ,    P\   ,   of 
projectile and target respectively,  the sonic velocity   c    .   relevant elastic 
modulus    G   ,  yield stress   Y   .  the indentation hardness   H, ,  and the energy 
necessary to heat,   melt or vapourise unit mass of material    Q .    In addition, 
since the problem is dynamic in character,  parameters to characterise strain 
rate effects,  and change of compressibility with pressure may be relevant.   Such 
quantities have,  however,  not been satisfactorily defined at the present time. 

Not all of the material properties are independent.    For example c2= 6//)- 
There is an approximate dependence of indentation hardness on yield stress,   as 
may be seen in Figure 7.    The Brinell Hardness is defined as the load applied to 
a spherical stylus divided by the area of the resultant depression,  and thus has 
dimensions of a stress with conventional units kilogrammes per square millimeter. 
Expressing   Y   and   H:  in identical units,  the relation is approximately 

H « 3.6Y 
(6) 

Drawing on these elementary material properties considered relevant in 
the cratering problem,  one might form the following convenient non-dimensional 
parameters. 

p/d Penetration Ratio 

K  =   Pn' P\ Density Ratio 

M   =   V/C Mach Number 

J   s=  V2/Q Thermal Parameter 

B =   /»V'/H Best Number 

The last parameter appears so frequently in both empirical expressions 
and simplified theoretical expressions,   that it seems appropriate to give it s 
name.     Following a suggestion of Dr.   John S.   Rinehart *,   it is proposed that 
this parameter be termed the Best Number in honour of the early French ballis- 
tician Best who carried out cratering experiments between 1835 and 1845. 

It is likely therefore that the penetration may be expressed as a function 
of the above parameters,   i. e. , 

| = f (K.M.B.T) (7) 

Many different empirical expressions have been used to correlate pene- 
tration data at various laboratories.    Some of these are tabulated in Table III 

Proceedings of the Third Hypervelocity Impact Symposium,   Vol.   1,   p.    187, 
February 1959. 
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TABLE m    POSTULATED   EMPIRICAL   EQUATIONS 
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together with materials and velocity ranges for which they have been used. 

Those expressions which are dimensionally correct are mostly in the 
form of a simple power law 

i. = KKiMiBk 

d (8) 

where   k   is a constant. 

12 In particular,   the expression introduced by Charters and Locke 

d (9) 

13 and that in use at the Naval Research Laboratory      ,   which is in effect 

-3-=  kK     B (10) 
d 

have been used extensively. 

A simple power law such as Eq.   (9) or (10) which has the general form 

-H. = k vm 

d (ID 

may be derived by assuming that the resistance force on the projectile is of 
form 

F  CC Xn 

(12) 

where    X   is the instantaneous distance of the projectile below the target surface. 
By inserting Eq.   (12) into the equation of motion Eq.   (4) and integrating,   it may be 
verified that the  result is equivalent to Eq.   (11) with  ns(2/fn - I) ■ 

Early empirical fits to armor penetration data at very low velocities were 
found to have a velocity exponent    m    in  l^q.   (II) near 2 .     Thus    n=0   ,   and the 
resistance force is in effect assumed to be independent of depth.     Later work at 
higher velocities indicated that penetration was proportional to    w*'B   or   n- 1/2 . 
High velocity experiments can be fitted by a velocity exponent of 2/3,   implying 
n = 2     .     Now in actual fact,   the projectile is known to deform at high striking 
velocities,   in effect increasing its presented area as the penetration proceeds. 
This effect is neglected in the simple reasoning used above.     Thus it seems that 
the effect of projectile deformation appears as an increase in exponent    n   in Eq. 
(12). 

At the highest experimental velocities,   the projectile in fact appears to 
flow very much like a liquid over the surface of the crater,   which is observed to 
be nearly hemispherical.     Assuming the projectile to be an incompressible liquid, 
and crater expansion to be hemispherical,   leads,   on assuming the pressure between 
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the projectile and target to be a constant    k ,   to an approximate expression for 
the force resisting motion 

F = k 2 T x' 

which on integration leads to an exponent m= 2/3 i'1 Eq.   (11). 

The assumption that the pressure between the projectile and target is 
constant during the motion is hardly justified,   since the projectile decelerates, 
eventually coming to rest,  at which time the retardation force may be expected to 
be zero.     Thus,   an assumption which may be made is that the force resisting 
motion depends on the instantaneous projectile velocity   V  . 

F = k, ptv2 

(13) 

A force of this type would be encountered by a rigid projectile moving through a 
non-viscous liquid of density Pi . Integration of the equation of motion Eq. (4) 
between limits    X=0   ,    V= V    •    x = P    .     V=0   then leads to an expression of the 
form 

•Jj= kKlog.V 
(14) 

A  logarithmic function has the interesting properly that it may be approxi- 
mated by functions of the form of Eq.   (11) over limited ranges of the variable    V   • 
the exponent of    n\ decreasing as    V    increases.     One might therefore suppose 
that a suitable logarithmic expression might prove useful  for empirical fits to pene- 
tration data over a wider range in velocity than may be fitted by a simple power 
law. 

When the velocity of the projectile becomes very low,   the resistance 
force does not become vanishingly small since the material is a solid.     This may 
be introduced in a number of different ways.     Kollowing shaped charge  jet theory, 
'lie limits of integration of the equation of motion may be altered to   X=0   ,   V = V   ; 
X=p   ,     V = Vo   where   Vo   is the velocity below which no target deformation will be 
produced.      The corresponding stress    (l/2/)tVp) may be assumed to be proportional 
to the yield strength of the target,   or by Eq.   (fi) to the Brinell Hardness,   i.e. , 

p,*2 =   KtH, 

This then leads to a penetration law of the forn 

1/2 

(15) 

Alternatively,   this effect may be accounted for as follows.     Under static deforma- 
tion,   the  resistance force may be assumed to be related to the  Brinell  Hardness 
of the target.     Thus the resistance force may be approximated by 
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F  =   Tr/4   d' kiipy +   »^H,) 

(16) 

which on integration of the equation of motion Eq.   (4) leads to a penetration law 

•a = eir, «'«"o {| +-f;} <'7, 

Bohn and Fuchs used a slight modification of Eq.   (16) to obtain their 
equation (Eq 5). 

The behaviour of Eq.   (15),   (17),   and (5) may be graphically illustrated by 
plotting the corresponding functions 

4 = k log.e 

-j =  k log.d   +£') 

|=   Kf.og.d^)^"^} 

(IB) 

(19) 

(20) 

using logarithmic coordinate's.     0'"ig.   '<'■)   Straight lines on this plot then represent 
an equation 

4= ^m 
d (21) 

with the slope of the line rot responding to the exponent    m   .     The functions c.-in 
be made to coincide over a wide  range in variable    X    by suitable adjustment of the 
constants   k    in Eq.   (18) through (20) above.     In particular Eq.   (19) and (20) may 
be inadi- to almost  coincide over a range over which the i urves i an be approximated 
by Eq.   (21) with   m    from 2 to about 2/3.     Thus,   they may be equally .suitable for 
empirical correlation purposes.     Equation (17),   corresponding to Eq.   (19) was some 
what arbitrarily chosen for use m the present study. 

Actually  Eq.   (17)  must at this point be considered simply as a convenient 
two-parameter empirical expression,   since clearly neither realistic compressibil- 
ities of the materials involved,   nor  realistic- flow geometries,   have beer introduced 
into us derivation.     The same  must be said of Eq.   (11). 
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The fit of the data to empirical expressions of the form Eq.   (11) and (19) 
are investigated in the following. 

5.     EMPIRICAL POWER LAW 

The dependence of penetration on velocity is best illustrated by log-log 
plots.     Figure 9 illustrates the behaviour for copper targets struck by ductile 
projectiles.     The penetration may be seen to be approximately proportional to 

y4/s  at low velocities,  and    w"8 at high velocities,   with a smooth transition 
between these regions.     The region in which the penetration is nearly proportional 
to   y*" will be here arbitrarily defined as the low velocity region.     Within this 
region,   projectiles generally suffer relatively minor deformation,   and craters are 
generally observed to be almost cylindrical or conical,   without excessive inertial 
expansion of the sides of the crater.     The region in which the penetration is nearly 
proportional to   w*'8 will be here arbitrarily defined as the high velocity region. 
Within this region the projectile suffers major deformation,   and the crater is ob- 
served to expand laterally to a nearly hemispherical shape.     The intermediate 
region will be referred to as the transition region,   within which the flow changes 
character from low velocity behaviour to high velocity behaviour. 

rigure iO illustrates the behaviour ior copper targets struck by brittle, 
high-strength projectiles.     The low velocity  region is extended to higher- velocities 
than in the previous case.     At the onset of the transition region the projectile is 
observed to fragment into several pieces,   which separate during the penetration 
to effectively increase the presented area of the projectile.     This generally results 
m an abrupt reduction in penetration.    At higher velocities,   the projectile is 
observed to fragment into many small pieces,   and the flow approximates normal 
ductile projectile transition behaviour.     The high velocity region is similar to that 
for ductile projectiles. 

It was desired to investigate the fit of Eq.   (11) to data in the high velocity 
region,  and in particular to investigate the dependence of the proportionality 
constant on material proper-lies.    Sufficient data existed so that the dependence of 
the constant on each parameter could be investigated separately, 

In particular,   numerous sets of firings were reported in which closely 
similar- tar-gel materials were used,   but different projectile materials were used. 
In particular three studies were reported in which steel projectiles heat treated 
to different hardnesses were employed with identical target materials.      Maiden 
(Ref.   14) reported penetration in 1030 steel targets by steel spheres heat treated 
to a  Rrinell  Hardness of 210.   290 and 5KU.     The data was in the high velocity region, 
and no effect due to projectile strength was apparent.     Hlake,   Grow and Palmer 
(Ref.   15) report penetration by two types of stainless steel spheres in lead targets 
with Brinell Hardness of 155 and about 40Ü (handbook values) respectively in lead 
targets.     While large differences are evident in the transition region,   no effect 
due to projectile strength may be seen in the high velocity region.    Abbot (Ref.  1'i) 
has reported penetration in hard 30 RC steel targets by steel projectiles heat 
treated to a Brinell Hardness of 140 and 705 respectively.    Small differences 
appear in the penetration by the two types of projertile up to the highest velocity 
explored,   but all of the data lie m the transition region.     While the above evidence 
is hardly conclusive,   these firings would seem to represent extreme cases of 
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projectile strength variation,   and it might be assumed that projectile strength 
does not affect the data in the high velocity region. 

The only other parameter to account for variation of penetration by different 
projectiles is the projectile density.   By fitting straight lines to the high velocity data 
on log-log plots of the type of Figures 9 and 10,  for numerous target materials struck 
by a large number of different projectile materials,  it was found that the proportion- 
ality constant for each target material was very nearly proportional to the projectile 
density to the 2/3 power-,   a fact first observed by Charters and Locke (Ref.   12). 

(    V)2" In order to confirm the penetration dependence on »rp ' in the high velo- 
city region, and to obtain reliable values of the proportionality constants for each 
target material,   the following procedure was adopted.     Linear large scale plots   of 

(p/d) 
TT   = 

(/»pvy 
21» 

versus velocity were prepared.     If the expression 

P_   _    L.  -*/3\/8'» 

(22) f   ^"P' 
fitted the data,   then the resultant points should form a straight line as in Figure 
11(a).    Actually,   since a different velocity exponent fitted the data in the low velo- 
city and transition region,   the plots would be expected to appeal- as in Figure 11(b), 
and the proportionality constant should be obtainable from the straight line portion 
of the curve.     The velocity at which the curve became horizontal would represent 
the lower limit of the high velocity region,   for that material combination.     If a 
density exponent other than 2/3 fitted the data,   the curves for different projectile 
materials should separate,   as in Figure 11(c). 

Examples of actual data [dots for 2024-T3 aluminum,   half hard copper,  and 
lead targets arc  shown in Figures 12,   13 and  14.     While the data points in the hori- 
zontal portions of the curve largely represent firings with aluminum projectiles, 
the curves fur oilier- projectile materials do converge to the .same value of   Hi    , 
confirming the dependence of penetration on     p-     .    Only very, rough values of 
limiting velocities could be obtained,   but the value of  ki   corresponding to the 
horizontal portions of the curves could be obtained quite accurately for several 
target materials.    Least squares fits of the values of  *•   ,   together with standard 
mean deviations,   wore obtained,   using experimental points for velocities above the 
estimated limiting velocity for each material  combination.     These are listed in 
■fable  IV. 

The effects of target strength could be determined separately,  since values 
of   ki   could be determined for several types ol aluminum,   copper and steel  targets. 
which varied  in hardness,   but had closely .similar densities and some velocities. 
Valu 'S of    Hi   found above.- were plotted versus  the target hardness    ••*   on  log-log 
paper.     Figure  15.     The uncertainty flags  represent standard  mean deviations in 
ki     and uncertainties in   Ht .     It may be seen that the points  for (•ach target 

material  may be approximately fitted with a line of slope-  -1/3,   within the uncer- 
tainty in the data,   indicating a dependence of the form 
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TABLE IV 

EMPIRICAL KITS TO THE PENETRATION LAW 

d               \ 

Target 
(gm/cc) 

Hf 
(kg/ m m 

Al. HOOF 2. 79 « 

Al. 2024 &  2 4ST 2. 6 8 114-120 

Cu.   CUi) 8. 88 36 

Cu.   (f>.r)) 8. 88 65 

Pb. 11. 34 4 

SU 1020 7. 69 11 1 

Stl 1030 7. 69 12:! 

Stl 30 RC 7. 74 302 

Cd. 8. 66 23 

Ag. 10.4 5 + 

Zn. 7. 13 45 

P\ ) m 
Max.   Vol. 

(km /sec) 
4. 37 
3. 98 
3. 33 
5. 27 
5. UU 
3. 9 5 
3. 96 
3. 5 2 
5. 01 
2. 54 
2. 51 

1/8 

k = 

0. 4 18"!. 
0.366  f 

0. 419 !- 
0. 812 I 
.. ,,-., f 
Ü. j i o 

0.37]   1 
0. 27!) 1 

0. 309 I 

{). 007 

0.009 
0. 031 
0. 020 
ü. 010 
0.012 

0. 004 
0. 046 

0. 871   1 0. 014 

11.    for these materials Ls-unknuwn.     Th 

(i)    HOOF Ai.   tar-gei,   (0. 257  : 0.008) x  1C 
1 / 3 

values of  k/Ht 
-3 1 / 0   '   cm/dyne 

1/3 
for  these 

ami di)    A 
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g- 
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PP      V   s  kt —  
d Ht" (23) 

Values of     k«      were computed from values of      ki    listed in Table IV by 
K2 = HT   k| ,   uncertainty intervals in     kf    being obtained from 

a combination of standard mean deviations in     Kl  and uncertainties in     Hf    . 

No correlation of    kl   with sonic velocities could be found.    However   k2 
could be approximately correlated with target density.     From Figure 16,   the slope 
of the logarithmic plot of     kl  versus    P\    is seen to be close to —1/3 .   leading 
to an approximate empirical penetration law 

-H-= (0.36 ±0.06) K^B1" ,94. d (24) 

The maximum and minimum values of the proportionality constant above 
correspond to the two extreme lines drawn on Figure 16.    The correlation is 
clearly not very exact.    The uncertainty indicated in Eq.   (24) above would seem 
reasonable,   but some material combinations may deviate from the mean value 
by as much as 25 percent. 

Some interesting trends appear from plots such as Figures 12,   13,   and 14. 
The lower velocity Iwnit of the high velocity region is dependent on both projectile 
and target material.     For example,   the points for nylon projectiles striking alum- 
inum targets in Figure 12 indicate that the high velocity region is not attained until 
a velocity of at least 17,000 ft/sec is approached. 

The stresses induced in the target are a function ofjjrojectile velocity. 
A convenient measure of the magnitude of the average stress is the initial stress 
induced on first contact of the projectile on the target. 

The initial maximum pressure,   generated on first contact of the projectile 
and target,   may be estimated quite accurately from one-dimensional shock theory. 
Based on the experimental observation that the shock velocity     U    and material 
velocity    y     behind the shock are very nearly related linearly 

U   =  c + S V* 
(25) 

the shock relation 

P = p V u 
(20) 

where    P       is the pressure behind the shock,   may be applied to the shock pro- 
ceeding into the target and the shock receding back into the projecliie,   to provide 
two simultaneous equations for     P*   and     V* 

P*-  pfV*(c,   +    StV*) 

P*=  Pp(V-V*)[cp+  Sp(V-V*)] (27) 
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where   V    is the initial projectile velocity.    Analytical solution is difficult,  but 
a simple graphical method may be used for rapidly finding    p    and   w*  .    However, 
it has been observed that for velocities above 10,000 ft/sec,    y •  is very nearly a 
linear function of     V . and may be approximated by 

V*«   1/2   K^V ,    , 
(28) 

leading to an expression for the initial maximum pressure generated by the impact 

P*« i/2 Kw/,tctv  +   i/4 stK
mpy (29) 

The maximum error involved in this approximation is about 20 percent. 

At low velocities,   the initial pressure will be comparable to the yield 
strength of the material.    Thus the target material strength,   which tends to inhibit 
:he penetration,  becomes relatively more important at lower velocities,   until at 
some very low velocity,   the initial stress will be less than the yield strength of 
the target material,  and no permanent deformation will result.    This effect redu 
the penetration predicted by Eq.   (24),  at low velocities. 

ces 

Equation (24) shows that the initial induced pressure is a function of the 
density ratio.     Thus,   the maximum pressure induced in the target by a low density 
projectile is much less than that induced by a high density projectile at the same 
velocity.    In the 'ransition region therefore,  at a particular projectile velocity, 
one might expect that the effects of material strength in inhibiting the crater forma 
tion will be much greater in the case of low density projectiles,   thus leading to the 
type of behaviour observed in Figures 12,   13 and 14. 

However,   at the same time,   there will be an effect on the projectile.     In 
the transition region,   the shock in the projectile generally rises above the level 
of the original target surface.    Since the sides of the shocked zone are unsupported, 
the projectile material will be forced to flow laterally,   this motion being inhibited 
by the material strength.     In the case of a nylon projectile,   although the initial pres- 
sure induced by the impact is relatively low,   the material has very low Strength, 
and considerable lateral flow of the projectile  may be expected,   with consequent 
increase in presented area and decrease in penetration.    On the other hand,  although 
the initial pressure induced by s. uranium or tungsten projectile will be very much 
higher  at the same velocity,   these materials have relatively high strength,   and not 
too much lateral flow may be expected. 

These transition region strength effects may be expected to become unimpor- 
tant when the initial induced pressure is very much higher than the yield stress of 
the material.     By examining the lower limiting velocities of the high velocity region, 
estimated from plots such as  Figures  12,   13 and 14,   it wao found that the limit 
P  >IOOYf   ,   where    Yf    is the static yield strength ().r the target,   seemed to be 
reasonable.     Making use of Eq.   (6),   the lower limit of the high velocity region is 
hen approximately 

f,    >    30 (30) 
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For high strength projectiles showing "brittle" projectile behaviour,   the 
limit Eq (30) was found to be too low.    Unfortunately strengths of projectiles have 
almost never been reported.    One piece of information due to Blake,  Grow and 
Palmer (Ref.   15),   for stainless steel projectiles shot into lead targets,   indicates 
that an extension of Eq.   (30) may be adequate, 

-g- >30 
"P (31) 

The lower limit then corresponds to the maximum of the two velocities given by 
Eq.   (30) and  (31). 

Nothing can be said at this point about the upper velocity limit of the high 
velocity region,   the highest velocity data considered in the study showing a pene- 
tration dependence on    \J*n ,  and speculation on this matter will be deferred to 
a later section. 

Crater diameters,   measured in the plane of the original target surface, 
have been reported for a large number of experimehts.     The ratio      p/Dc ,   which 
may be regarded as a crater shape parameter,   was plotted versus velocity,   in 
order to determine ^rater shapes in the high velocity region.     Examples are shown 
in Figures  17 and 18 for copper and lead targets respectively.    Numerous authors 
have noted the trend for the shape parameter to tend to 1/2 in the high velocity 
region,   indicating that the crater had become nearly hemispherical. 

However,   it is apparent from Figures 17 and 18 that this is not true of all 
material combinations.     Craters formed by low density projectiles such as alum- 
inum and magnesium were found to tend to a ratio   p/Dc  of about 0. 4 in the high 
velocity region,   indicating a crater somewhat shallower than hemispherical. 
In many target materials,   it was also observed that tungsten and tungsten carbide 
projectiles lead to values of   p/Dc  of 0. 6 or greater in the high velocity region, 
indicating craters deeper than hemispherical. 

Measured crater volumes have also been reported for many of the experi- 
mental firings.     Many authors have noted a tendency for the ratio of the projectile 
kinetic energy to the volume of the crater    E/Vc to become approximately constant 
in the high velocity region.     Plots of     E/Vc versus velocity were prepared for each 
target material for which data existed.     Examples are shown in Figures  19 and 20. 
While measurements were generally restricted lo velocities bordering on the high 
velocity region,   the trend for    E/Vc   to become a constant in the high velocity 
region did seem to be confirmed for those few material combinations for which 
high velocity data existed.     Also evident was a trend for Uie asymptotic  values of 
E/Vc     lo depend on projectile density,  a fact first noted by Summers,   (Ref.   17). 
This is clearly illustrated in Figure 20.    Asymptotic values of    E/Vc In the high 
velocity region were estimated from the data plots. 

The dependence on projectile density could be estimated separately, 
since values of   E/Vc   'ould be estimated for several projectile materials in lead, 
copper,   aluminum and steel targets.     Values "f    E/Ve were plotted versus   K      on 
log-log paper (Fig.   21) from which it appeared that    E/Ve was proportional to 
lr*•/• Computed values of    E K    ' Vc   were then plotted versus    H f  (Fig.   22, 
note linear scale).  -The points indicated a rough proportionality with target 
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hardness,   leading lo a very rough correlation of the form 

Te " :!■'Ir",H• 

Some of the material combinations may show a deviation of as much as 
50 percent from this law,  but results for most of the material combinations may 
be expected to lie within     t 30 percent. 

It is interesting to note that if craters are assumed to be hemispherical 
in the high velocity region,  a law of the type Eq.   (32) may be derived directly from 
Eq.   (24) by noting that 

T T d ^ 

Vc-^i-p' 

resulting in an expression 

-L-   =  2.9 K-Ht 
Vc (33) 

This differs slightly from Eq.   (32) in both constant and exponent in density 
ratio.    The correlation of E / Vf with density ratio is quite good (Fig.   21).    The 
fact,   noted above,   that craters formed by low density projectiles are shallower 
than hemispheres,  and craters formed by high density projectiles are deeper than 
hemispheres,   leads to the discrepancy.    Thus the volume of craters formed by 
low density projectiles is underestimated by Eq.   (33).    It may be seen from 
Figure 21 that a reduced volume for a low density projectile and an increased 
volume for a high density projectile would lead to a higher negative exponent in 

K .   as in Eq.   (33). 

The correlation equations Eq.   (24) and Eq.   (33) may be compared with 
previously published correlation expressions.    Several empirical expressions in 
Table III are based on a penetration dependence on velocity to aa exponent greater 
than 2/3.    It may be concluded that these fits apply to data in the transition region. 
The fact that even approximate correlations could be obtained with elementary 
material properties must be attributed to the small range in materials considered 
in derivation of these expressions. 

Attempts to fit the present data by expressions of the form Eq.   (9) were 
unsuccessful.     No provision for target strength variation is made in expressions 
of this type.     The assumption that the effects of material strength are negligible 
i.n the high velocity region,   lias been shown to be erroneous.     The fact that data 
for lead and half-hard copper targets could be correlated on the basis of Eq.   (9) 
with identical constants must be considered fortuitous.    Data for copper targets 
of much less or much greater hardness could not be correlated by Eq.   (9) with 
the same value of the constant. 

The expression Eq.   (10) differs from Eq.   (24) only in the value of the 
constant,   and in exponent of the density ratio.     Equation  (10) was derived,   on the 
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assumption that craters are hemispherical in the high velocity region,   from the 
expression of Feldman (Ref.   18) 

—c    "   265H, (34) 

which may be compared to Eq.   (32) derived here. 

These also differ only in the value of the constant and in exponent of the 
density ratio.    Attempts to fit the present data by Eq.   (34) led to considerably 
increased scatter,   indicating that Eq.   (32) is preferable. 

It is thus not surprising that Eq.   (24) and Eq.   (10) do not correspond. 
Attempts to fit the high velocity data by Rq.   (10) by a method of least squares led 
to a considerr   ly larger standard mean deviation than when Eq.   (24) was used, 
indicating that the latter is preferable. 

G.    EMPIRICAL LOGARITHMIC LAW 

Individual least squares fits were obtained to the experimental data for 
each projecliie-target material combination,   fitting    k|   and    kj   in the equation 

i = k, ,„,.{, + .a.} 

by using a standard iteration method on a high speed digital computer.     Only 
materials exhibiting  'ductile" behaviour were included,   since for "brittle" pro- 
jectile behaviour,  the penetration is not a monotonic function of velocity,  and 
thus could not be fitted by an equation of the type Eq.   (35). 

Results are tabulated in Table V.    Individual fits are very good,   mean 
deviations being no larger than the scatter in the data.    However,   values of 
K,       and   Ka   varied with material combination.    Attempts were made to find cor- 
relations of    k|    and  »t    with elementary material properties.     No correlation 
was found with  Cf   <jr Hf i  and the best correlations obtained are shown in Figures 
23 and 24 respectively on the basis of density ratio,   leading to approximate values 
of   k|    and   Kj   : 

ki   «   (0.6 ±   0.2) K2'8 

K2 «    (4    ±    2 IK-"" (36) 

for most materials,   although some    anomalous" material combinations lie outside 
the indicated ranges. 

It has been shown that a logarithmic function of form  iv).   (l!j) ( an be ap- 
proximated by a power lav.- of form Kq.   (21) with exponent m = 2/3 over a range 
2 7   <   £   <   ß      i. e. ,   Eq.   (3G) may be approximated by 
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-E- - 0.6Ka/,[-f K2'1 B] 
1/9 

-5-   «   0.4 K0'7 B(" 
d (37) 

which may be compared to Eq.   (24). 

7.    DISCUSSION 

Although the empirical expressions are not based on physically realistic 
concepts,  and there is therefore no sound basis for expecting extrapolations to be 
valid,   it is nevertheless interesting to investigate the consequences of extrapola- 
tions to higher velocities. 

Figure 25 shows experimental data points and penetration predicted by Eq. 
(22) and (35) with appropriate constants from Tables IV and V for' 1020,   1030 and 
30 RC steel targets struck by steel projectiles.    Also shown are the three theoreti- 
cal points computed by Bjork (Ref.   11) for iron targets struck by iron projectiles. 
A logarithmic scale has been used to accommodate a wide velocity variation. 

The theoretical points of Bjork are based on numerical integration of the 
conservation equations with a realistic equation of state for the solid materials 
at high pressures neglecting shear strength.    Thus the theoretical points would 
be expected to provide a rational upper limit for the penetration in the absence 
of shear strength.     The steel targets used ail have rather high strengths,   and it 
might be expected that the actual penetration would be somewhat below that com- 
puted by Bjork,   at least at the lower velocity (5. 5 km/sec). 

The experimental data for all three targets lay in the transition region, 
the highest velocity points bordering on the high velocity region.     Thus the log- 
arithmic fits are strongly influenced by the transition strength effects,   discussed 
in Section 5.     The effect of the transition region strength in reducing penetration 
is more marked at low velocity.     Thus the effect is to increase the initial slope 
and increase the curvature of the two-parameter fit.     These two effects partially 
offset one another,   as may be seen from Figure 25,   so lhat the extrapolations 
agree fairly well with Bjork's point at 72 km/sec.     However,   the extrapolation 
may be expected to overestimate the actual penetration at lower velocities. 

A similar plol for 24ST and 110ÜF aluminum targets is shown in  Figure 
26.     In this case,   the HOOF material was very soft,   and almost all of the experi- 
mental points used in the data fit lay in the high velocity region.     Thus,   transition 
strength effects have only a weak influence on the fit. 

In view of the very limited physical significance of the logarithmic fit, 
the remarkable agreement of the logarithmic fit with Bjork's theoretical points 
must be considered somewhat fortuitous.     It may be pointed out that the log- 
arithmic expression fits the theoretical points of Bjork considerably better than 
a law of the type p/(J r k V "'■ 
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Fig. 25   Extrapolation of Empirical Penetration Lam for Steel Projectiles 
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For the 24ST material,  the transition region extended to about 2. 5 km/sec, 
so that transition strength effects have a somewhat greater influence on the logarith- 
mic fit.    Nevertheless the extrapolation shows just the type of behaviour which 
might be expected.    The penetration is less then that predicted by Bjork neglecting 
strength effects,  the offset being reduced as the velocity increases (this is still 
true on a linear scale). 

It must be pointed out that transition strength effects may be such that 
extrapolations of the logarithmic penetration law for material combinations other 
than the five considered here (Figs.  25,  26) may be quite unrealistic.    The power 
law extrapolations in each case,  of course,   lead to muchjlarger predicted penetra- 
tions than computed by Bjork.    Based on the assumption that Bjork's calculations 
provide a reasonable upper limit,  it may be concluded that extrapolations of the 
power law are unrealistic. 

Based on the previous discussion,  it may be speculated that there will be 
another region of impact in which the penetration will be proportional to     v"'   • 
It is to be expected that target material strength effects will in fact be negligible, 
and craters will be hemispherical,  in this region.    It would be appropriate to 
reserve the name hypervelocity for this region. 

The lower velocity limit of this region will clearly be a function for target 
strength,  as it may be theorized that,  based on the logarithmic penetration law, 
the limit will be given roughly by 

-§-   > 36 
ki (38) 

with   ka   supplied from Table V.    However,   since the slope and curvature of 
the logarithmic fit are strongly influenced by the transition strength effects,  it 
is clear that the limit Eq.   (38) cannot be expected to he too accurate.    As data 
become available   at higher' velocities,  definition of the limit can be refined. 

The lower limit of the hypervelocity region,  predicted by Eq.   (38),   is 
11.4 km/sec for aluminum striking 24ST alumirjum targets,  5. 3 km/sec for 
aluminum striking 1100F aluminum targets,   8.2 km/sec for aluminum projectiles 
striking half hard copper targets,   and 2 km/sec for lead projectiles striking lead 
targets. 

An additional effect may enter in the hypervelocity region.    Since the 
compression of the material is by a shock process and expansion is adiabatic, 
the material is left at a higher terhperature than ambient on release of pressure. 
vVhile little effect may be expected during the high pressure phase of the motion, 
material strength may be drastically reduced during the later stages of the motion, 
pardcularly for low melting poi"*. -alloys,   leading to increased penetration.     It is 
possible that this effect may be operative in lead at velocities near 2 km/sec,  and 
thus mask a change in penetration law from   y"* to   \/,/• . 

It may be noted tnai the Best Number has the significance of the ratio of 
a pressureC o. V   )to the strength of the material.    Somewhat greater physical 
significance may De introduced by assuming that the instantaneous interfar^ pres- 
sure is related to the instantaneous velocity by the shock relation Eq.   (29). 
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Integralion of the equation of motion Eq.   (4) with 

F  =   Klf dMR^kzH.) (39) 

then leads to 
■if. 

±=klK,og.{l  +  -^}-R 
(40) 

where    R    may be shown to vary with velocity but become a small constant at 
high velocities.    It is interesting to note that when V   »   Ct    the first term in 
the expression for    P     Eq.   (29),   is negligible compared to the second.     Noting 
that    S( is nearly 1. 5 for all of the materials considered here,   it appears that 
Eq.   (36) is an approximation for Eq.   (40) at very high velocities.     This suggests 
that a correlation of the type Eq. (40) may be feasible.    In fact,   some of the 
scatter in the constants of Eq.   (36) may be due to the poor approximation for 
the interface pressure in Eq.   (36). 

8.     CONCLUSIONS 

Twc; empirical fits to the experimental data have been found.     When used 
with constants giver, in Tables IV and V for the particular material combinations 
which have been investigated experimentally,   these expressions are useful for 
interpolation purposes within the velocity ranges covered by the data. 

It has been shown that material strength influences penetration in the high 
velocity region,   defined as the region in which the penetration is approximately 
proportional to the two-thirds power in velocity.     Craters in this region are not 
necessarily hemispheres.     The effects of largei birength are expected to be non- 
negligible throughout the high velocity region.    A hypervelocity region is postu- 
lated,   in which target strength will m fact be negligible,   but it is likely that 
penetration will hie approximately proportional to the one-third power in velocity. 

Only very rough correlations of the constants in the empirical expressions 
with smiple functions of elementary material properties can be found.      That some 
correlation exists at all must be ascribed to the fact that there is some correlation 
between dynamic compressibility and strength properties,  and elementary stati( 
properties. 

While the existence of a dependence of the constants in ihe correlation 
expressions on more complex  functions of elementary material properties cannot 
be ruled out,   it appears to be a hopeless Uisk to deduce such :. functional relation- 
ship from the data alone.     This is partially due lo the low prei iston in many ol  the 
measurements,   und partially due to the fact that only very few material combinations 
have been investigated in the high velocity region,   so that insufficient information 
exists to untangle the separate effects of the many complex phenomena occurring 
during the crater formation process. 

The simple correlation expressions used here were derived on the basis 
of quite unrealistic physi' ai models of the cratering pro; ess.    Therefore,   thej 
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cannot be expected to contain much physical significance,   nor to provide a 
rational basis for extrapolation.    Before much further progress can be made 
it would seem necessary to carry out further theoretical work on the cratering 
problem,   in order to be able to deduce a more physically realistic functional 
relation.    Such a theory must necessarily contain realistic compressibility, 
geometrical and strength effects.    This involves integration of the strongly 
nonlinear differential equations of motion and equation of state. 

While numerical integration will not lead to a functional relationship 
such as that sought,  an extension of Bjork's analysis to include shear strength 
should be attempted,  if only to gain deeper insight into the magnitude of the 
varied strength effects occurring during the cratering process.    Such insight 
may then aid in deducing the required relationships. 

It may be concluded that the present empirical relations have very 
limited physical significance or value for extrapolation purposes,   a property 
generally common to empirical expressions.    Without a rational theory,   no 
information can be gained,   other than that contained in the experimental data. 
However,   a good understanding of the physical phenomeaa accompanying the 
cratering problem has been gained.     Further work should therefore be directed 
towards formulating a rational theory. 

The help of personnel from most of the laboratories listed m Table I 
both in making data and other information available,   and in discussion is grate- 
fully acknowledged.     Without the patience and understanding of Miss Helen 
Petrides,   who programmed the least squares fits,   and organised the data on 
punched cards,  and of Mrs.   Marion Andrews of the Lincoln Computation Centre, 
and Miss Maxine Weiner who typed the manuscript,   this study could not have 
been carried out. 
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REVIEW AND ANALYSIS OF HIGH VELOCITY IMPACT DATA 

E.   P.   Bruce 

General Electric Company 
Philadelphia,   Pennsylvania 

ABSTRACT 

A thorough review has been made of existing experimental data applicable 
to the impact of high velocity projectiles with semi-infinite metal targets.     Em- 
pirical equations relating depth of penetration and crater volume to properties 
of the projectile and target have been derived based upon the assumptions that: 

1) projectile shape does not affect crater shape for projectiles which 
range from spheres to cylinder's up to one caliber in length,   and 

2) craters are hemispherical. 

Both of these assumptions are supported by the available data.     Additional 
data and/or a rigorous theoretical treatment of the problem are required to 
evaluate the utility of the equations at higher impact velocities. 

SYMBOLS 

PQ - depth of penctralion,   measured from the plane of the undamaged 
tai'gel surface to the deepest point in the crater. 

Dp - crater diameter,   measured in the plane of the undamaged target 
surface. 

D/- -  crater diameter,   used only m desci ibing craters formed under 
M A J oblique impact,   measured in the plane of the undamaged target 

surface and in-line with the projectile trajectory. 

1)(- - crater diameter,   used only in des( ribing craters formed under 
oblique impact,   measured in the plane of the undamaged target 
surface and normal to the projectile trajectory. 

Vp -  crater volume,   measured to the plane of the undamaged target 
surface. 

Vp - projectile volume. 
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p  p - projectile mass density 

p   „ - target mass density 

v - impact velocity,   measured normal to the target surface for impact 
at either normal or oblique incidence. 

c - velocity of propagation of a plane longitudinal wave in a slender rod. 

D - diameter of a cylindrical projectile 

L - length or heigat of cylindrical projectile 

Dg - diameter of a spherical projectile or diameter of a sphere having 
the same mass as a cylindrical projectile. 

9 - incidence angle in oblique impact,   measured from the normal to the 
target surface to the projectile trajectory. 

INTRODUCTION 

Early in 1960,   a review of existing single particle metal-to-metal impact 
data was initiated at the General Electric Missile and Space Vehicle Department. 
The reasons for this review were three-fold.     First,   the available data and 
analysis indicated that a uniform crater shape,   that of a hemisphere,   was approached 
as the impact velocity increased;    second,   the available,   general,   empirical rela- 
tions for depth of penetration and crater volume were Dased on only a small portion 
of the existing data;   and third,   the existing relations for depth of penetration and 
ciater volume,   while based on separate analyses of penetration and volume data, 
did not yield a compatible set of equations.    Specific reference is made to the fol- 
lowing equations 1 

2/3 2/3 
Pc/U5   = 2.28 (pp/pT) (v/c) (1) 

Vc/Vp    =34(pp/PT)3/2    (v/c)2 (2) 

which were,   at the time this study was initiated,   the latest and most generally 
applicable relations in the field.    If the assumption is made that for sufficiently 
high impact  velocities only hemispherical craters will appear,   then the penetra- 
tion parameter    /,,    ,. and the crater volume parameter    (v    /v. )       are 

C     S C     P 
related,   from geometrical considerations alone,   by 

VC/VP  =  4 {pc,l)s)3 (:i) 
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Examination of Equations 1 and 2 shows that they disagree with the requirements 
of Equation 3 both in the value of the ^numerical constants and in the exponents 
to which the quantity   (pp/,p-p)      is raised.    Consequently,  the available data 

were examined to determine the projectile-target systems for which hemispherical 
craters had been observed.    A t   "0 percent limitation on  (Pp/Dp)      was selected, 

that is.  only penetration and volume data in the velocity range where        ^C^C^ 

had reached and remained within the limits 0. 4 < (Pc/Dc)   < 0. 6 as the 
impact velocity was increased were considered.     For these selected cases,   a 
method of analysis similar to that used by Huth,   et al. , ^   Charters and Locke 3, 
and Summers 1 was utilized.    Specifically,   the penetration and crater volume data 
were examined to ascertain whether equations of the same form as Equation 1 and 
2 would result which would,   at the same time,   satisfy Equation 3.    In order to 
incorporate data obtained as a result of impact investigations in which non-spherical 
projectiles were used,   the diameter of a sphere having the same mass as the non- 
spherical projectile was calculated for these data and used in determining the pene- 
tration parameter   {p   /£)   ) .    Kineke's investigations with cylindrical 

projectiles of varying fineness ratio^ form the basis for this step.    Midway 
through this analysis,   the data presented at the 19G0 Hypervelccily Impact Sym- 
posium by Kineke    ,  Atkins",   and Maiden    were included in this review.    These 
dala represent a large percentage of the available high velocity data. 

IMPACT AT NORMAL INCIDENCE 

The sections that follow are devoted to the presentation and analysis of 
impact data.    Detailed information describing projectile material,   size,  and 
shape;    target material;    projectile and target material properties;    and param- 
eters of interest with respect to the projectile-target system are presented in 
Table I.     Material properties have been taken from handbooks in all cases where 
they were not presented in the data source. 

Crater Profile 

Data illustrating the variation of    (pr./Df-) '   t^e ra^u of crater depth 

to crater diameter,   with impact velocity are shown in Figures  1-7  for projectile- 
target systems iri which projectiles of various materials have been impacted 
against targets of aluminum alloy,   zinc,   tin,   steel,   cadmium,   copper,   and lead. 
The low velocity peaks in the parameter    (PQ/^C^        ■   which occur only in certain 
systems,   are associated with undeformed projectile penetration.     The higher 
velocities required to produce projectile shatter also produce increasing degrees 
of flow in the target with the net result that even though penetration is increasing 
(cases have been observed where penetration initially drops off with the onset of 
projectile shatter 1 ;   a larger increase in crater diameter is taking place due to 
the dissipation of momentum in the target.     Examination of the lead target data 
indicates that both the presence and amplitude of the low velocity peak depends 
upon some function of the  relative projectile-target densities and strengths.     The 
tungsten carbide-lead system exhibits the highest peak  -- tungsten carbide is 
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VARIATION OF CRATER  PROFILE   PARAMETER   WITH IMPACT VELOCITY FOR 
VARIOUS  PROJECTILE   MATERIALS  AND ALUMINUM  TARGETS 

FIGURE-I 
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VARIATION OF CRATER   PROFILE   PARAMETER   WITH  IMPACT 
VELOCITY   FOR   TIN  PROJECTILES  AND   TIN   TARGETS 

FIGURE-3 
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VARIATION OF CRATER PROFILE PARAMETER WITH IMPACT VELOCITY 
FOR STEEL PROJECTILES AND CADMIUM TARGETS 
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both stronger and more dense than lead. However, both steel and copper exhibit 
peaks while 2024 - T3 aluminum does not -- all are less dense and stronger than 
lead. 

The data show,   however,  that as the impact velocity increases,   the crater 
profile parameter   (P-^/Dp.)     approaches 0. 5,   the value corresponding to hemispheri- 

cal craters.    The velocity at which this level is reached can be quite high,  particu- 
larly for cases in which either strong heavy or strong light projectiles impact 
against a strong target as illustrated by the data for tungsten carbide and 2024 - T3 
aluminum impacting steel (Fig.   4).    It is of interest to note that the    (P   /Dc)   = 0. 5 

level is,  in general,   reached at a relatively low velocity for systems in which the 
projectile and target are of identical materials.    The data for the aluminum pro- 
jectile - HOOF aluminum target system (Fig.   1) also indicate that small differences 
in material densities do not alter this observation. 
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Depth of Penetration 

The penetration data for all projectile-target systems which have reached 
and maintained a value of    (Pc/Dc)        within the established   t 20 percent tolerance 
are shewn in Figures H-14.    These data,   as presented,  describe the variation of 
penetration in sphere diameters with the non-dimensional velocity parameter 

(vie)  .     The data have been arranged in the order of increasing target density 
and subdivided to reflect effects due to increases in projectile density for constant 
target density.    The vertical line shown on each figure separates the data for 
whii h    ( P    IDt )    is within + 20 percent of 0. 5 from the lower velocity data -- c    c 
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only data to the right of this Line have been used in this analysis.    These data 
have been analyzed,  by a modified least squares technique,   to determine the 
constant   Kj   in the following relation: 

Pc/Ds    =   K1 ( v/c)2/3 (4) 

Normal least squares fitting procedures would result in determination of both 
the constant   K^ and the exponent;   however,   the exponent was fixed in this analy- 
sis since it had been established in a number of separate investigations !• 5, o. 
The values of   K^   thus determined are presented in Table I. 

The penetration data for the 2024 - T3 and T4 aluminum,  steel,  and copper 
systems in which the projectile and target materials were identical (Figs.   8b,   11, 
and 13c respectively) and for the 2024 - T3 and T4 aluminum projectile-copper tar- 
get system (Fig.   13a) illustrate systems in which the (P^/Dp) = 0. 5 level is 
reached either at relatively low velocities and maintained throughout the velocity 
range or by a build-up from values less than 0. 5.    For these systems,   the varia- 
tion with  (v/c)2/3   is reached by a smooth transition after a higher power depend- 
ence.    The penetration data for the following systems illustrate cases in which 
the     (Pp/DrO             = 0. 5 level is reached following low velocity undeformed pro- 
jectile penetration in which much higher values of (Pp/Dp)            are attained; 
steel projectiles-copper targets (Fig.   14b),  and copper projectiles-lead targets 
(Fig.   14c).    For these cases the variation of  (Pp/D-)        with     (v/c) is 

reached after a similar higher power dependence followed by a region in which 
penetration decreases and then increases.     No effort has been expended in trying 
to define a minimum velocity at which    (v/c^^     dependence will appear for a 

given system.     The two types of build up to this dependence are of primary interest 
in low velocity applications,   however,   the rather- complete picture thus afforded 
illustrates that,   for many systems,   the highest velocities recorded were barely 
sufficient to yield impacts that produced the characteristic high velocity crater 
shape. 

Crater Volume 

The crater volume data,   presented and ordered in a manner similar to 
that used with the penetration data,   are shown in Figures  15-21.     These data have 
also been analyzed by the modified least, square technique to determine the con- 
stant    K2    in the relation 

2 
Vc/Vp K2   (v/c) (5) 

The exponent was fixed as shown in Equation 5 based upon the results of a number 
of'independent investigations,   !. 5, 6, 7 many of which included portions of the total 
body of data included in this analysis.     The values thus obtained for-    K2    arc tabu- 
lated in Table I. 
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The volurrie data do not reflect the changing nature of the parameter 

(P   ID   )   as strongly as do the penetration data.    The crater volume data at 

low velocities in systems that reach the (Pc^C^ = 0. 5 level either at rela- 
tively low velocities and maintain it throughout the velocity range or by a build-up 
from values less than 0.5 (Figs.   15,   17-19,   20a,   20c,   21a,  and 21d) show very 
slight,   if any,   deviations from the established high velocity variation.    However, 
for every system in which   (p^/D^) has peaked at a value above 0. 5 at low 

velocities and has reached 0. 5 from above at higher velocities,   a definite shift 
is present in the volume data that is associated with the transition to high velocity 
cratering after projectile shatter occurs.    In every case the shift is toward lower 
high velocity values of  (Vp/Vp) than would be estimated based upon an extrapo- 
latir.r o7- low velocity data. This characteristic behavior is illustrated by the fol- 
lowing pi ojectile-target systems: steel-copper (Fig. 20b), steel-lead (Fig. 21b), 
and copper-lead  (Fig.   21c). 

Effect of Projectile and Target Density 

The penetration and crater volume data for systems in which zinc,   copper, 
and lead were used as targets indicate,  by increases in   K^   and   K^,   which cor- 
respond to increases in projectile density (see Table I) that penetration and crater 
volume are functions of projectile density.     The data also indicate,   for systems 
in which aluminum,   steel and copper were used as projectiles,   that penetration 
and crater volume are also functions of target density.     The crater volume  (Ko) 
data have been plotted versus target density (for constant projectile density 
families) and versus projectile density (for constant target density families),   as 
shown in Figures 22 and 23.     The results of previous investigations ^. ^ indicate 
that   K2   should be proportional to   ( p    y^' and to    , p    .3/2 .    Accordingly, 

lines representing this variation have been drawn through the data for each family 
in Figures 22 and 23.     The data exhibit some scatter,    but in general,   they sub- 
stantiate the previous results.     The peneLralion data (K^) permit an independent 
check on these observations,   since,   if these data satisfy Equation 3,   then    Kj 

-1/2 1/2 
should be proportional to    (P-,-) and to   ( P p ) .    The penetration 
data are presented in Figures 24 and 25,   along with lines which describe the 
above variation for each family.     The proposed variation adequately describes 
the actual variation,   indicating compatibility between the penetration and crater 
volume data as required by  Equation 3. 

Correlation of All Data 

The step remaining in the establishment uf general penetration and crater 
volume equations requires a determination wf the constants of proportionality in 
thi   relations 

1/2 2/3 ... 
PC/DS K3 (Pp/PT) <v/<) ('') 
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and 

Vc/Vp   =   K4   (pp/pT)3   2     (v/c)2 (7) 

Equation 3 again provides a check between the tv/o sets of data,   since it requires 
that   K4 = 4 (K3)3.    The values of   K3 and K4 determined by averaging over the 
complete body of data,   thereby giving the data from each projectile-target system 
equal weight,  are:    K3 = 2. 01,  and   K4 = 'SO. 25.    The agreement between the sets 
of data is again satisfactory,   since   3 / K4 = 1. 96.    The following general 

V— 
equations,   which satisfy Equation 3,  thus result for high velocity cratenng in 
semi-infinite,  ductile metal targets: 

1/2 2/3 
Pc/Ds    =    1.96    (Pp/PT) (v/c) (8) 

Vc./Vp    =    30. 25  (Pp/PT)3/2     (v/c)2 O) 

It should be noted that these equations are based on the limited amount of data 
presently available and that the objective of this stydy was to develop equations 
suitable for engineering estimates of impact effects.     Consequently,   extrapolations 
to higher impact velocities are,   as yet,   largely unsupported by experimental data. 
However,   micro-particle data° at an impact velocity of 10 km/sec for steel pro- 
jectiles impacting both copper and lead targets supports both the dependence of 
penetration on the two-thirds power of the impact velocity and the observation 
that high velocity impact craters  (for particles larger than the material grain size) 
are hemispherical. 

In order to illustrate the accuracy of Equations 8 and 9 and to compare 
them with Equations 1 and 2',   the predicted values of    ip    /Dy)    ant'   (V/-/Vp) 

evaluated at  (v/c)        =  I,   given by each expression have been plotted for each 

projectile-target system versus either   Ky    or    K2.     The results are shown in 
Figures 26 and 27.    Dashed lines representing t  10 percent error- limits have been 
drawn on each curve.     These curves illustrate the following: 

1) that  liquation 8 generally predicts depth of penetration more 
accurately than does Equation I, 

2) that the crater volume data are not accurately predicted by either 
of the equations,   with Equation 9 possibly more accurate than 
Equation 2. 

3) that the data in which aluminum alloys were used as targets are 
poorly predicted in all cases,   and 

4) that for systems in which the projectile and target materials were 
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identical,  both the penetration (Kj^) and crater volume (K9) data 
decrease in a manner that corresponds to increasing material 
strength or hardness properties. 

The inability to predict cratering effects in the aluminum alloy targets could be 
due to a number of things.    First,  the data cover a range of impact velocities 
which does not extent to the value of the rod sound velocity (c) in these materials. 
Kineke^ has established the following conditions for a truly hypervelocity impact: 

1) the crater must be hemispherical in shape,  and 

2) the component of the impact velocity normal to the target 
surface must be greater than the velocity of a plastic 
(dilatational) wave in the target. 

The dilatational wave velocity for the aluminum alloys (approximately 6. 2 km/sec) 
exceeds the rod sound velocity -- consequently,   even though these data fall within 
the (Pp /Dp)   limits established for this investigation the maximum impact veloc- 
ity falls far short of the dilatational velocity.    Second,  the properties (shear 
strength,   hardness,   etc. ) of aluminum alloys vary over a wide range.     While no 
strong effect at high velocities due to material strength or hardness has been 
indicated by the remainder of the data,   the aluminum alloy target data combine 
a relatively low maximum test velocity (when compared with the dilatational wave 
velocity) with relatively high strength target materials,  possibly resulting in a 
strong low velocity-material strength effect.    Additional,   higher velocity data 
for these alloys are required to clarify this issue. 

The variation in   K-,    and    K2   for the identical projectile-target material 
systems indicates that penetration and crater volume are also dependent upon a 
weak function of the target material properties.    Several authors have suggested, 
based upon either experimental results or theoretical considerations,   that impact 
cratering is dependent upon various mechanical or physical properties of the 
target material.     Rinehart and Pearsony,   and Palmer     ,   et al. ,   have found that 
target shear strength is an important parameter.    Allison^,   Summers   ,   and 
Feldman      have shown effects due to variation in target Brinell hardness.     Within 
the limitations of the present siauy,   however,   these parameters do not appear to 
have a strong effect.     As in the case of the aluminum alloy data,   additional higher 
velocity data are needed before a definite conclusion can be reached. 

IMPACT AT OBLIQUE INCIDENCE 

The preceding section was. limited to an analysis of the case in which the 
projectile approaches the target along the normal to the target surface.     This 
section is devoted to an examination of the data which apply to the  related prob- 
lem of impact at angles of incidence- other than normal. 

Crater Profile 

The limited amount of data illustrating the variation of    (P    l\)r.) with 

impact velocity at oblique angles of incidence are presented in Figure 28.    The 
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crater profiles produced when steel projectiles impact against lead targets at 
both normal and oblique angles of incidence are compared at equal values of 
normal impact velocity.    The oblique impact data represent a series of tests at 
60° incidence in which both the mass and total velocity of the projectile were 
varied and a series of tests in which angle of incidence was varied while pro- 
jectile mass and total velocity were held constant.    It is apparent from these 
data that the characteristic high velocity crater shape is realized in oblique 
impact at roughly the same value of normal impact velo-ity as is required in 
normal impact.    It is also evident that the low velocity peak in (P^/Dp) observed 

under normal impact is not present for low values of normal velocity under 
oblique impact conditions.    In oblique impa-t,   low normal velocities are asso- 
ciated either with very high total velocity - high angle of obliquity impact or with 
low total velocity - low angle of obliquity impact. 

Further evidence that the characteristic high velocity crater shape is 
reached in oblique impact at high values of normal impact velocity is presented 
in Figure 2 9.    A comparison of the ratio of the diameter of the crater mouth that 
is in line with the projectile trajectory   (DCiwt A y)1 to the diameter at right angles 

to the projectile trajectory CDcMIN),  both measured in the plane of the undamaged 

target surface,  indicates that the craters produced are circular at high values 
of normal impact velocity. 

Depth of Penetration 

Data illustrating the variation of the penetration parameter, (P   /D   ) 

with the impact velocity parameter,    (v/c)  ,   for oblique angles of incidence are 
presented in Figures 30 and 31.    Here data obtained by impacting copper spheres 
with copper targets and by impacting steel into lead at both normal and oblique 
angles of incidence are compared at equal values of normal impact'velocity.    The 
data indicate that under high velocity conditions,   projectiles of equal mass im- 
pacting at either normal or oblique incidence penetrate to the same depth provided 
they have the same velocity normal to the surface.    In the case of steel impacting 
into lead at oblique incidence,   the typical transition region between undeformed 
projectile penetration and high velocity penetration is not present.     This supports 
the earlier observation that the low velocity (p    m   \ overshoot does not occur 

in oblique impact. 

The combined crater profile and penetration data indicate that,   under 
high velocity impact conditions,   it is impossible to determine either causitive 
particle mass or velocity by examination of a crater.     Consequently,   to the extent 
that the surface of the- Earth and Moon react as ductile  metals under high velocity 
impact conditions,   these data invalidate calculations of the mass and velocity 
of the meteorites  responsible for terrestrial or lunar craters that are based only 
op observations of the craters. 
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VARIATION OF CRATER PROFILE PARAMETER WITH IMPACT VELOCITY 
FOR NORMAL AND OBLIQUE INCIDENCE 
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CONCLUSIONS 

A thorough review has been made of existing experimental data applicable 
to the impact of individual high velocity metal projectiles with semi-infinite 
metal targets.    The following empirical relations, 

1/2 2/3 
Pc/Ds   =  1-96 (Pp/fV       (v/c) 

V
C/VP   =   30-25   (PP/PT) (V/C> 

and 

relating depth of penetration and crater volume to properties of the projectile 
and target have been derived based upon the following assumptions: 

1) projectile shape and orientation do not affect crater size or shape,   and 

2) high velocity craters are hemispherical in shape. 

Both of these assumptions are supported by experimental results;    however,  the 
first must be qualified slightly to apply only to either spherical projectiles or 
to cylindrical projectiles up to one caliber in length. 

It should be noted that the objective of this study was to determine 
whether an analysis of the total body of impact data would result in a compatible 
set of equations'of sufficient accuracy for engineering design purposes.    The 
extension of the results to conditions not covered by the available data involves 
certain elements of uncertainty;   however,   some evidence is available which 
indicates that the trends established by these data appear at velocities of 10 km/sec. 

Evidence has also been presented which indicates that,   under high velocity 
conditions,  particles of identical material and mass impacting at either normal 
or oblique incidence produce identical craters providing they have the same 
velocity normal to the surface. 

ACKNOWLEDGMENT 

The author wishes to take this opportunity to thank Mr.   John H.   Kineke, 
Jr. ,   of BRL,   Mr.   Walter W.   Atkins of NRL,   and Dr.   C.   J.   Maiden formerly 
of CARDE for their cooperation in making their data available for this study. 

472 



REVIEW AND ANALYSIS OF DATA 

REFERENCES 

1. Summers,  J.   L. ,  October,   1959,  Investigation of high speed impact: 
regions of impact and impact at oblique angles:   NASA,   TN D-94. 

2. Huth,  J.   H. ,   Thompson,  J.   S. ,  and Van Valkenburg,   M.   E. ,   1957,  Some 
new data on high speed impact phenomena:   Jour.  Appl.   Mech. ,   volume 24, 
March,  p.   65. 

3. Charters, A. C. , and Locke, G. S. , Jr., May 28, 1958, A preliminary 
investigation of high speed impact: the penetration of small spheres into 
thick copper targets:    NASA,  RM A58B26. 

4. Kineke,  J,   H. ,  Jr. ,   1959,   An experimental study of crater formation in lead: 
Proceedings of the Third Symposium on Hypervelocity Impact,   volume 1, 
February,  p.   157. 

5. Kineke,  J.   H. ,  Jr. ,   1960,   An experimental study of crater formation in 
metallic targets:    Hypervelocity Impact,   Fourth Symposium,  volume 1, 
September,   p.   10. 

ß.     Atkins,   W.   W. ,   1960,   Hypervelocity penetration study:    Hypervelocity Impact, 
Fourth Symposium,   volume 1,   September,   p.   11. 

7. Maiden,   C.   J. ,   Tardif,   H.   P.,  and Charest,  J. ,   1960,   An investigation of 
spalling and crater formation by hypervelocity particles:    Hypervelocity 
Impact,   Fourth Symposium,   volume III,  September,  p.   38. 

8. Gehring,  J.   H. ,   Jr. ,  and Richards,   L.   G. ,   1960,   Further studies of micro- 
particle cratering in a variety of target materials:   Hypervelocity Impact, 
Fourth Symposium,   volume III,  September,   p.   34. 

9. Rinehart,   J.   S. ,   and Pearson,  J. ,   1954,   Behavior of metals under impulsive 
loads:    Cleveland,   Ohio,   American Society for Metals. 

10. Palmer,   E.   P. ,   Grow,   R.   VV. ,   Johnson,   D.   K. ,   and Turner,   G.   H. ,   1960, 
Cratering;     experiment and theory:    Hypervelocity Impact,   Fourth Symposium, 
volume 1,   September,   p.   13. 

11. Allison,   F.   E. .   1050,   A review of the theories concerning crater formation 
by hypervelocity impact:    Pfoc-.-pdin^S of the Third Symposium on Hypervelocity 
Impact,   volume  1,   February,   p.   287. 

12. Feldman,  J.   B. ,  Jr. ,   1960,   Volume - energy relation from shaped charge 
jet penetrations:    Hypervelocity Impact,   Fourtli Symposium,   volume H, 
September,   p.   26. 

13. Collins,   R.   D. ,   Jr.,   and Kinard,   W.   li. ,   May,   1960,   The dependency of 
penetration on the momentum per unit area of the impact projectile and 
the resistance of materials to penetration:    NASA,   TN D-238. 

473 



REVIEW AND ANALYSIS OF DATA 

14. Van Fleet.  H.   B. ,  Whited,  C.   R. ,  and Partridge.  W.  S. , January,   1958, 
High velocity impact craters in lead-tin alloys:    University of Utah,  Technical 
Report No.   OSR-13. 

15. Ferguson,   W.   J. ,  and McKinney,   K.   R. ,   November 19,   1959,   The influence 
of temperature elevation on the penetration of missiles into copper targets: 
NRL Report 5407. 

16. Gulp,   F.   L. .   1959.   Volume - energy relation for craters formed by high 
velocity projectiles;   Proceedings of the Third Symposium on Hypervelocity 
Impact,   volume 1.   February,  p.   141. 

17. Partridge.   W.  S. ,   1957,  High velocity impact studies at the University of Utah: 
Proceedings of the Second Hypervelocity and Impact Effects Symposium,  volume 
1,  December,  p.   93. 

474 



HYPERVELOCITY LAUNCHERS AND HYPERVELOCITY IMPACT 

EXPERIMENTS AT ARDE, FORT HALSTEAD 

F.   Smith.  W.   A.   Clayden.  C.   R.   Wall,  and D.   F.   T.   Winter 

Armament Research and Development Establishment 
Fort Halstead.  Kent,  England 

SUMMARY 

This paper outlines the development of hypervelocity launchers at ARDE 
using fairly conventional techniques. Velocities up to 25,000 ft/sec have so far 
been attained. 

The paper also summarises a seiies of impact studies on solid targets 
and thin plates inclined to the direction of motion.    Future tests are discussed. 

PART I - THE DEVELOPMENT OF HYPERVELOCITY LAUNCHERS 

1. Introduction 

In 1956 we at ARDE embarked on the development of hypersonic facilities. 
Our first step was the development of the light gas gun tunnel (Ref.   1) in which a 
light gas at high pressure accelerated a light piston in a gun barrel compressing 
and heating a working fluid,  usually air.    The working fluid was then allowed to 
expand through a throat to a working section giving a running time measured in 
fractions of a second. 

The success of this technique led us to consider the possibility of adapting 
it to the design of a launcher for hypervelocity projectiles.    Calculations were made 
(Ref.   2) on the basis of a light gas,  hydrogen,  driving a light piston to compress 
helium which in turn was'the driver gas for the model.    We were particularly 
attracted to the use of compressed gas at room temperature rather than techniques 
then starting in U.   S.   and Canada involving propcllants,  explosives and gas com- 
bustion.    Subsequently,   for safety reasons,  we substituted helium for hydrogen. 

2. Theory 

A series of calculations were made using the now familiar1    non-dimensional 
variables   s,    t,    u   based on the simplified layout shown in Figure 2.    It is not 
intended here to examine the theory in detail,  but merely to point out a few conclu- 
sions. 
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The first point which is often not sufficitnt'y stressed is the importance 
of high speed of sound in the launcher gas (Fig.   3).    Al high model velocities an 
increase in speed of sound is much more important thau in increase in pressure, 
and this led LIS to think of multiple shock heating ahead of iho pirr ;n.    In practice, 
however,   it is difficult to achieve this and at the same time have a piston heavy 
enough to maintain peak conditions for sufficient time.    However,  we believe >b. I 
the piston should be light rather than heavy. 

Secondly,   the non-dimensional curves of Figure 4 show that "or infinite 
chamber volume,   the chamber should be large in diameter relative to the launcher 
barrel (curves 2 and 3).    If,  alternatively,  we postulate that the piston moves for- 
ward to maintain constant pressure and speed of sound there is little £ xin with 
large chamber diameter (curves 3 and 5) but a large gain with a chamber of equal 
cross-section to that of the barrel (curves 2 and 4).    This led us to think that piston 
extrusion to give constant peak conditions is a desirable feature.    Howevi r,  when 
we look at a typical case (Fig.   5) it is obvious that the gain is only achieved when 
the piston face is nearly equal in area to the launcher barrel and moving at very 
high velocity.    If the piston fails to extrude at the required velocity then there will 
be a marked loss in performance.    If it succeeds in attaining this high velocity,  it 
is extremely difficult to prevent the piston following the model down the launcaer 
barrel and range. 

In sume circumstances,  however,   this may not be an embarrassment am' 
there may be other reasons why piston extrusion is desirable.    Charters (Ref.   5) 
gives an example where a fragile model is limited in the peak accelerations it can 
stand,  although here of course there must be a loss of performance when compareo 
with a model without this limitation. 

The conclusion here is that the launcher should be tailored to suit the re- 
quired conditions and fortunately the calculations for the design are easy to make 
and are a reliable indication of performance.    In our attempt to attain maximum 
velocity we have found that barrel strain and gas wash rather than,  as might be 
supposed,   our use of the relatively simple techniques using cold compressed helium 
as a driver gas have set the practical limits.    This is not to say that with careful 
design and better barrel materials the more sophisicated systems currently in use 
in North Arnerica might not yield better model velocities,   but at present we have 
achieved velocities of 25, 000 ft/sec with a 0. 15-gm,   0. 25-inch calibre,   model 
which is not dissimilar to the results obtained in North America. 

As we said before the main gain in performance if gas wash is not a serious 
limilalion would he by gain of temperature,   i. e. ,   speed of sound in the gas.    Shock 
heating as we have mentioned is one way,   preheating of the driver ga.s is another 
way if it can be achieved without contamination.     Use of propcllants to preheat 
tends  to'offset the gain in temperature by an increase in molecular weight of the 
gas and some form of electrical heating seems desirable.     Because of the reduction 
in    s   v.'hen speed of sound is increased,   a longer launcher Larrel may then be de- 
sirable. 

Experiments at ARUt; havjj shown that whilst at 10,000 ft/sec a 100 calibre 
long barrel is adequate,   at 25, 000 ft/sec 200 calibres length is necessary to achieve 
full performancci     Higher velocities will probably require a still longer barrel. 
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3.    Development of the No.   ]  Launcher 

Following  the  theoretical  examination of the design  of a hypervelocity 
launcher,   a  small launcher  was  built,   primarily  as  a  prototype  of a  larger 
launcher.    The No.   1 launcher is shown in Figure 6.    The launcher barrel is  1/4 
inch calibre,  4 feet long.    The compressor barrel is of 1 inch calibre and 5 feet 
long separated from the chamber 3. 7 inches diameter,   3 feet long,   by a double dia- 
phragm.    An intermediate pressure between the two diaphragms,  each insufficient 
to hold the full pressure,   is reduced when a firing is required causing first one and 
then the other diaphragm to burst. 

During the period 1958-59 the driving pressure was limited to 4, 000 psi 
due to a lack of suitable pumps and the impact tests described in Part II were made 
during this period.    A maximum velocity of 12,000 ft/sec was achieved in this con- 
dition and the effects of piston mass,   compressed barrel pressure and secondary 
diaphragm thickness were investigated.    In 1960 the driving pressure was raised 
to 10, 000 psi and a peak velocity of 24, 800 ft/sec was obtained.    Barrel wear was 
excessive at these velocities and experiments were made to improve the compressor 
barrel-launcher barrel joint.    Leaks at this point caused a marked reduction in 
launcher velocity. 

Experiments with piston mass and material resulted in the use of a simple 
cylinder of polythene weighing 45 gm.    A lighter piston is just as effective but the 
tendency for the whole piston to extrude down the launcher barrel is greater for 
the lighter piston. 

The range on the No. 1 launcher is simple and consists of five sections 12 
inches diameter 4 feet long each with 3 pairs of observation windows. Timing is 
by interruption or reflection of a light beam. The range pressure is from 10 at- 
n.ospheres down to 1 mm Hg; the launcher barrel is evacuated in all tests. The 
effect of muzzle flash was reduced by a dump chamber with baffles and by setting 
back the photographic equipment normal to the line of flight. 

Barrels of 1 / 8 inch and  1/2 inch calibre have also been tested on this 
launcher.     The 1/2 inch calibre gave an expected reduction in velocity tu 15,000 
ft/sec although the kinetic energy is greater than for the 1/4 inch barrel.     The 
performance of the 1/8 inch barrel was poorer than expected possibly due to the 
effect of boundary layer on such a small diameter. 

4.     No.   2  Launcher 

The No.   2  launcher is approximately 5 times larger than the No.    1 having 
a compressor barrel 5 inches diameter and 21  feet length.     Launcher barrels 
available are  1/2 inch,   1  inch,   and  1. 8 inches calibre which it is anticipated will 
give velocities of 25.000 ft/sec  (1/2  inch 0. 8 gm,   1  inch 8 gm) and 20.000 ft/sec 
(1. 8 inches,   45 gm).     Uoubling the model mass will reduce the velocity by approxi- 
mately  10 percent.     Installation is now proceeding and preliminary firings at 4,000 
psi driving pressure have yielded results similar to those obtained with the No.    1 
launcher.     The range is at present limited to 50 feet in length but it is hoped to 
double this in the near future.     Provision is made fur velocity measurements and 
photography in two directions at right angles every 4 feel along the range.     Hyper- 
velocity impact studies can bo made. 
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5.    Other Developments 

A third launcher similar to the No.   1 launcher will be used with an ionized 
range section to study ionospheric problems.    A number of ionizing techniques are 
being examined and R. F.   generation seems the most promising at the moment. 
Similar work is already in hand on a plasma-heated low density tunnel and the range 
will be used to study plasma effects in the presence of a magnetic field stationary 
with respect to the gas. 

We also have under development a passive telemetry system to give model 
attitude on the range.    The model contains a tuned circuit (of the order of 3 mega- 
cycles/sec) and passes through a long coil tuned to the same frequency.    The two 
coils behave like a transformer,  the impedance of the fixed coil being a function of 
the attitude of the secondary coil (Fig.   8).    Preliminary firings with a 1/2-inch 
calibre model up to 1/4 10° g   acceleration are very promising.    It is proposed to 
modify the system at a later date to a semi-passive system giving direct information 
from the model.    In this respect it will be similar to developments at AEDC,  CAHDE, 
G. M.   research laboratories (Ref.   5) f nd elsewhere. 

In the passive role, measurement of model attitude might eventually lead to 
a considerable reduction in photographic recording and subsequent computation. A 
paper will be published shortly on this work. 

PART II    - SOME EXPERIMENTS ON HYPERVELOCITY IMPACT 

1. Introduction 

Impact phenomena at high speeds have recently become important because 
of the desire to obtain some understanding of the damage which will be sustained by 
the skin of a missile or space vehicle when struck by fragments of meteorites. 
More basic information on the behaviour of materials when subjected to very high 
loads may also be obtained. 

The general problem of the damage sustained by a plate when struck by a 
fragment at high velocity contains a number of parameters and there does not yet 
appear to be an adequate theory or even a complete understanding of the physical 
processes.    The comparatively simple case of a crater formed in a semi-infinite 
target when struck by a sphere at normal incidence has been studied experimentally 
by a number of workers and several empirical laws relating the penetration to the 
impact Mach number (ratio of the velocity of the projectile relative to the target/ 
speed of sound in the target given by     /p   /   )have been proposed.     This work 

V   \/p\ 
has been extended at ARDE and some experiments were undertaken during the 
latter part of 1959 to show the general trend of damage which might result as the 
shape of the fragment,   the angle of impact and the thickness of the target were 
varied;    most of the results are given in this paper. 

2. Results 

The ARDE No.   1  light gas gun described in Part 1 of this paper was used 
to fire 1/4-inch projectiles into targets which were 4 inches in diameter,   gas 
pressure was 4,000 psi limiting the projectile velocity to a maximum of 12,000 
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ft/sec.    Consequently most of the tests described here were made at velocities 
of 10, 000 ft/sec. 

2. 1   Impact of spheres into semi-infinite targets at normal incidence 

No adequate underlying theory exists for impact at speeds of the order of 
10,000 ft/sec but several workers (e. g. , Refs. 7 and8) have attempted to relate 
the penetration of spheres to the velocity of impact and the target properties with 

a simple expirical formula of the form 

Hirw 
where P is the penetration, d is the diameter of the projectile, k, n, and 
m, are constants U is the velocity of impact, ct is the speed of sound in ihe 
target given bv      /r-    /0     and   p     ,    p        are the densities of the projectile and 

" v   * p        t      p 

target respectively. 

The penetration results of a systematic series of firings in which spherical 
projectiles were fired into various targets are plotted against   fo /"iril/   1     in Fig- 

MrAJ 
ure 9 and compared with previous results.    These results which were obtained for 
8 widely differing combinations of projectile and target material do not deviate by 
more than 30 percent from a mean line given by 

and apart from a constant of 2 instead of 2. 28 this is similar to the relationship 
obtained by Charters and  Locke;    in fact our results for aluminium and lead 
targets are fitted slightly better by the Charters and Locke formulae.     A deviation 
of as  much as '-iO percent however is considerably more than would be expected by 
experimental error alone and it now seems likely from the growing volume of ex- 
perimental data that whilst the correlation given by Equation (2)  may be sufficient 
for engineering purposes for a limited range of velocities and materials it does 
not completely explain all the phenomena.     When the depth of penetration is com- 
pared on the basis of Equation  (2)  there does not appear to be any marked differ- 
ence between the ductile materials such as aluminium and copper and the brittle 
materials such as 'cast  iron and titanium,   nevertheless,   the craters are completely 
different.     Figure  10    illustrates typical craters formed in various materials 
ranging from very ductile aluminium to brittle perspex.     It may be seen that in the 
case of the aluminium target the target has undergone considerable plastic deforma- 
tion but has lost.'very little material,   whereas,   in the case of the cast iron target 
there is little plastic flow and most of the material from the crater has been lost. 
This is because in a brittle material the dynamic hoop stress produced by the im- 
pact causes extensive cracking and small fragments fall away from the target. 
It appears therefore,   that when considering the damage to brittle materials the 
size of the crater is probably uminportant and the extent of the cracking should 
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be taken into account,   this is particularly well illustrated in Figure lOe,  where 
the radius of damage in the perspex target is about six times that of the crater. 
The elektron target shows that it is possible to have considerable plastic deforma- 
tion and cracking together.    The reason for the conical crater in titanium (this effect 
is repeatable) is not obvious but an examination of an etched specimen shows that the 
region of deformation and cracking is roughly hemispherical. 

The magnitude and direction of the plastic deformation of the aluminium 
target was obtained and it appeared that the deformation was roughly spherically 
symmetrical with a centre in the middle of the crater.    Taking this point as an 
origin the deformations,     Sx  and      8y,  and strains,     Cj(    and   «v ,    in the hori- 
zontal and vertical planes respectively have been plotted in Figure 11,   as a function 
of   x   and y.      These curves show that below a horizontal plane through the origin 
the target deformation is spherically symmetrical.    Qualitatively it appears that the 
top part of the material from the crater has gone into the 'splash' and in deforming 
the free surface whilst the bottom part has deformed the whole target in a similar 
manner to a spherical expansion.    By considering conservation of mass across a 
spherical surface centred at the origin the deformation of the target   Sr   may be 
expressed in terms of the radius   r   and the volume of the lower part of the crater 

8V    ,   thus 

8v = |^j(r + 8r)3-r3} 

which may be written as 

^ .   -. /*\z     -, 2U\      38V (8r)%  3r(8rr+ 3r2(8r)  - ^V = 0 . (3) 

This curve has been fitted to the experimental points in Figure 11  and it may be 
seen that the fit is good.     The ratio of the volume of the lower part of the crater 
8V   to the total volume of the crater'    V   is about one third for ihis target.    Al 

large distances from the crater the deformation is given approximately by 

8r=-*V 
2irr2 • (4) 

The strain may be obtained from (4) by writing 

dr 
and this curve has been drawn through the experimental [joints in  Figure  -1 i  and 
again the fit is good.     At large disiaiices from the crater the strain is given approxi 
mately by 

(5) 

Applying (5) to the aluminium target and taking the limit of plastic flow to be given 
by    4    - Ü. 001,   plastic flow will have extended to over 2  in from the centre of the 
crater.     The analysis given above does not appear to be applicable to targets whu h 
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(a) Aluminum (b) Elektron 

(c) Cast Iron (d) Titanium 

End View Side View 

(e) Perspex 

Figure  10.    Typical Craters Formed in Various Targets When Attacked by 
1/4 inch Diameter Aluminum Spheres at  10,000 Ft/Sec. 
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lark symmetry such as Elektron and cast iron.    The relationship given by Equation 
(5) may be used to obtain an estimate of the size of a target which is required be- 
fore it may be considered semi-infinite and for this purpose 8V may be replaced 
by an estinnated    V. 

2. 2   Impact of spheres into semi-infinite targets at varying angles of incidence 

Figure 12 illustrates the results of firing 1/4 inch spherical aluminium 
projectiles at impact speeds of 10,000 ft/sec into 'semi-infinite' copper targets 
with the surface inclined at angles between I'O0 and 90° to the line of flight of the 
projectile.    The results show that the penetration is approximately proportional 
to the sine of the angle of incidence for engineering purposes the results may be 
fitted quite well by 

P P 
— =     (—   at 90° incidence) sin  6  . d d 

The volume may be fitted by 
fv V ^ 2 1 
— =    {—   at go'incidence) sin     0    . 

At small angles of incidence the crater consists of one main cavity and a series of 
subsidiary cavities as th'-ugh the projectile had formed several small drops soon after 
impact each of which had gone on to form a cavity.    At small angles of incidence also 
the length of these chains of craters tends to become equal to the length of the diameter 
of the projectile projected on to the target surface.    This might be expected since the 
projectile tends to simply smear itself along the surface leaving only a very small 
impression.    At small angles of incidence the crater is by no means well defined. 

At normal angles of impact there is evidence to show that the crater dimensions 
can be correlated on a bssis of impact Mach number and hence to simulate very high 
speed impact the above series was repeated using lead targets.    Somewhat similar 
results are obtained but in this case the crater is not dependent upon the angle of im- 
pact in the range 60° to 90    and at small angles of incidence a well-defined crater is 
formed with a lip on one side. 

A third series of tests was performed in which the impact angle was held con- 
stant at 20° and the projectile velocity varied from 3,000 to 10,000 ft/sec and the 
results are shown in Figure 13.    As the impact speed increases the crater changes 
shape from a shallow smear to become almost axisymmetric with only a small "splash" 
on one side to indicate that the projectile has not entered at normal incidence; further, 
at all speeds the deepest part of the cavity is towards the launcher.     Under these con- 
ditions,   it is interesting to note that the penetration is proportional to the impact veloc- 
ity and the crater volume is proportional to the energy as in the case of normal in- 
cidence impact at low speeds. 

2. 3   Impact of spheres into thin targets at incidence 

Figure  14 shows the results of firing 1/4  inch spherical aluminium pro- 
jectiles at impact speods of 10.000 ft/sec into thin copper targets with the surface 
inclined at various angles between 10° and 90° to the- line of flight of the projectile. 
The results show that the depth of penetration when defined as shown in Figure 14 
is slightly less  than  in a semi - infinite target presumably because some of the 
energy of the projectile has gone into bending the plate.    These tests were repeated 
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for a series of thin lead plates and the results showed a similar trend. 

The results in section 2. 1 show that the depth of penetration of spheres 
into semi-infinite targets at normal incidence is proportional to the velocity raised 
to the power of two-thirds;  so far consistency with this relationship,  a criterion 
for penetration of thin inclined plates might be expected to be of the form 

b*_ L/U\2/3/^p\2'3 D - L/U\2/3/^P\2'3 .   n *   (s)  it)      ' (6) 

where   b*   is the minimum thickness that will not be penetrated.    The best results 
obtained for copper and lead targets is obtained with   k » 2. 75 and this relation- 
ship is shown in Figure 14.    It must be admitted,  however, that the two-thirds 
power in (6) cannot be justified from the results into inclined plates,   as these 
were all performed at one velocity. 

3.    Conclusions 

Crater dimensions have been obtained in various metal targets when 
attacked by 1/4 inch diameter spheres with velocities up to 10,000 ft/sec and the 
penetration correlated approximately with the relationship 

\ 2/3/, ,\2/3 

^■°0   © 
which is in reasonable agreement with much of the existing work.    The deviation 
of the experimental points from this empirical relationship is more than can be 
attributed   to experimental error and whilst it may be adequate for the practical 
problem of damage assessment within a limited range of velocities and materials 
it is not adequate to explain the whole phenomena of impact.     The penetration of 
brittle tar-gets may be estimated with the above formula but this is of little use 
in assessing damage since a region of severe cracking may surround the crater. 
The deformation surrounding the crater in a ductile aluminium tar-get was  spheri- 
cally symmetrical about a point below the target surface apart for a small  region 
extending to half the depth of the crater just below the surface.    Tins fact enables 
the extent of plastic flow in a due tile target to be  readily determined and hence the 
size of target required for- a particular experiment may he estimated. 

When 1/4 inch aluminium spheres were fired into inclined lead and copper 
targets at 10,000 ft/sec the depth of penetration was roughly proportional to the 
sine of the angle of incidence and the volume was proportional to the square of the 
sine of the angle of incidence.    When lead tar-gels were attacked at a constant angle 
of incidence of 20" with 1/4 inch aluminium spheres the crater tended to become 
axially symmetric as the impact  speed increased to 12,000 ft/se< ,   indicating that 
if a crater was caused by a  meteorite  moving a' speeds of .several  times this value-, 
it would in all probability be completely symmetrical for- all but very small angles 
of incidence.     Even though the angle of incidence was 20° the penetration was pro- 
portional to the impact velocity and the crater volume proportional  to the- kinetic 
ener-gy. 

Thin lead and copper targets were attacked by 1/4-im h aluminium spheres at 
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10, 000 ft. sec at normal incidence and it was found that the crater diameter in- 
creased with the target thickness and in some circumstances became greater than 
in a semi-infinite target.    Projectiles completely penetrated targets whose thick- 
ness was significantly greater than the depth of penetration of a similar projectile 
in a semi-infinite target;    this was partly due to the phenomenon of scabbing 
whereby the compression wave from the impact is reflected from the back of the 
target as a tension wave and the back of the target then fails under tension.   This 
effect was much more pronounced wi'-h the lead targets as lead is weak in tension. 
Craters (complete perforations) in thin targets (thickness less than half the depth 
öf penetration in a semi-iniinite target) were causeu by loss Oi material rather 
than any significant plastic flow.    When these targets were attacked at incidence 
the crater dimensions were similar to those obtained for semi-infinite targets 
provided the target was not penetrated.    A minimum thickness of target for non- 
penetration,    b* ,    is given by the following empirical relationship. 

b* itm 2/3 
^=2.75(~j     UJ    sin« 

4.     Further Developments 

Consideration is being given to a basic research programme,  aimed at a 
better understanding of the process of crater formation and plastic flow,   in the 
target material. 
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S.   M.   Halperson and W.   W.  Atkins 

U. S.   Naval Research Laboratory 
Washington 25,  D.   C. 

INTRODUCTION 

Since the Fourth Hypervelocity Impact Symposium work has. continued 
it NRL to increase the amount of experimental data available to all investiga- 
tors of hypervelocity phenomena.    Particular attention has been given to impact 
studies of both hard and soft aluminum,  2014 and HOOF, 'and two types of steel, 
1020 and hardened 4340 steel.    Spheres of aluminum and nylon (3/8-in.   diameter) 
were the principal penetrators for these studies.    The highest velocities attained 
were 6. 03 km/sec with an aluminum sphere and 5. 64 im/sec with a nylon sphere. 
Aluminum spheres of 1/4-inch diameter were also fired;    maximum velocity was 
6. 27 km/sec. 

EXPERIMENTAL TECHNIQUES 

Cratering of quasi-infinite metallic targets has continued,   with prime 
interest in aluminum and steel.    There were two species of each material studied; 
1020 steel (BHN  131) and hardened 4340 steel (BHN 280),   and HOOF aluminum 
(BHN 25) and 2U14 aluminum (BHN 119).     The Brinell hardness numbers were ob- 
tained by measuring machined samples taken from targets. 

A light-gas gun consisting of a 40-mm compression section,   expendable 
middle breech,   and 50-ral launch tube was the accelerator for the majority of 
the results reported.    Other experimental information was obtained with a pro- 
jector using p standard gun powder as the propellant.    Light-gas-gun firings were 
conducted in a ballistics range usually having an ambient pressure of 1/4 atmos- 
phere,   since this pressure was found necessary to eliminate the sabot.    Photo- 
graphic records of each shot were examined for evidence of ablation.    There 
usually were no signs of burning,   and when burning was seen it was negligible. 

A series of tests was conducted in which 3/8-inch diameter aluminum 
spheres were dropped from various heights onto HOOF aluminum,   and the pene- 
tration measured.    Since the force accelerating the sphere was only gravity; and 
since the sphere  {BHN 125)  was harder than the target,   it was assumed that the 
sphere acted as a perfectly inelastic penetrator and that the resulting crater was 
a spherical segment.    Experiments were conducted in open air,  and an appropriate 
drag correction was applied to the calculated velocity.     The minimurr, velocity was 
1.77 x  10   '   k m / s e c. 
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CRATER SHAPE 

Craters in the HOOF targets were all approximately hemispherical and 
well formed.    With the more brittle 2014 aluminum,  aluminum pellets produced 
nearly hemispherical cavities;    however,   this was not true after nylon impact. 
The ratio of penetration to crater diameter was about 0. 2.    Neither species of 
steel exhibited crater hemisphericity for either aluminum or nylon projectiles; 
ratios of penetration to crater diameter were approximately 0. 3 and 0. 2 respec- 
tively. 

VOLUME-ENERGY RELATIONSHIPS 

Graphs have been made of the crater volume-impact energy data for the 
various combinations (Figs. 1-4).     The velocity ranges shown on the figures 
accentuate the differences in impact energies for the two projectiles,   since the 
velocities are nearly the same but the mass ratio is 2. 5 to 1.    As would be ex- 
pected the aluminum sphere is a much more efficient projectile than the nylon 
sphere,   since for each material shown a nylon penetrator requires more energy 
to displace a unit volume of target material.     Ultimately the values of energy per 
unit volume for the nylon spheres may be changed when more data are available 
at higher velocities,   since it is felt that at true hypervelocity conditions the 
energy-per-unit volume parameter should be independent of projectile properties. 
This,   however,   should   not be implied about target properties. 

The cavitation of 11Ü0F aluminum is of special interest,   because of the 
wide range of available data.     A spectrum of energy with 0. 2 x IG"' joule as a 
minimum and 23 x  10    joules as a maximum is shown in  Figure 5 on a log-log 
plot with crater volume in cubic centimeter's as the ordinale.     Results were ob- 
tained with the light-gas and powder guns,   and from the drop tests.    A straight 
line was drawn through the data with the equation V = 3. 05 x  10     EL- J-,   where  E 
is the impact energy in kilojoules.     Hence,   it can be said thai for the given pro- 
jectile-target system the volume is approximately proportional to the energy 
through the various phases of cratering;    very low velocity,   tunneling,   transition 
and hypervelocity.     A factor of E  •        is unaccounted for and could  be due to heat, 
deformation of the projectile  (at high velocities),   and/or experimental scatter. 
Calculations made with this relationship show a maximum deviation of 5 percent 
over all zones of penetration.     Figure 6 shows the higher-velocity regime,  shown 
in  Figure 5 as the zone bounded by the  1-km/sec and fi-km/see points,   plotted on 
rectangular coordinate paper,    crater volume   V   is the ordmate and impact en- 
ergy   E   the abscissa.     A linear relationship is plotted,   as is the experimentally 
determined curve1.     These curves fit the experimental points quite well. 

Figure 7 shows the results of projecting saboled aluminum cylinders,   !. 27 
grams.     Also shown are previously reported cylinder data  (1) obtained from tests 
with the unsaboted,   or shear-type cylinders,    The linear relationship is also shown. 
The saboted projectile points agree quite well with the sphere results,   whereas the 
unsaboted data show excessive scatter.     This scatter is caused by an inaccurate 
mass figure in the energy expression.      This tends to confirm the hypothesis that 
variation of impact mass is a major obstacle to the atlainmenl of meaningful  ter- 
minal ballistic data with unsaboted aluminum cylinders.     The exa< t nature of the 
variation is  unknown;   it  could be due to irregular shearing of the shear' plug or 
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erosion in the barrel.    Since the successful saboting of penetrators is bj no means 
a well-defined technique,   the evaluation of the  mass  loss of a cylindrical projectile 
is a topic which merits further study.    Such methods as flash radiographs and high- 
speed photographs of small,   hifch-velo< ity fragments are not yet developed to the 
extent that precise mass determination can be accomplished. 

PKNKTRATION OP' ALUMINUM TARGETS 

The analysis of penetration of thick targets is of interest for several reasons 
The question of whether the pro« ess is due to momentum or energy exchange has 
not yet been answered.     Also the effect of target material properties has not been 
evaluated.      There is conjecture that at very high velocities lb>; impact pressure far- 
exceeds the material tensile strength so that strength can be neglected. 
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An energy exchange or 2/3 power law states that crater volume is pro- 
portional to the impact energy,  and a momentum exchange or 1/3 power law 
states that crater volume is proportional to the impact momentum.    A graph of 
normalized penetration,  penetration   P divided by sphere diameter   Ds versus 
the cube root of velocity is shown in Figure 8 for the two types of aluminum. 
The curves are linear and an expression of the form   P/Ds = Kj V   '"^ + K2   is 
obtained where   K; ,    and K2  are empirical constants.    For the 2/3 power law, 
values of energy per unit crater volume   K3   for the HOOF and 2014 aluminum, 
were substituted in the semi-empirical penetration relationship. 
<Q ^P        .I/O O/O 

^  '   ) 1/J   V ^,0;     where   m   is the impact mass and   V   is the impact 

velocity.    This equation was derived assuming hemisphericity of the cavity. 

Figure 9 shows the four equations in graphical form;   also shown are the 
experimental data.    The data agree favorably with both laws in the velocity regime 
thus far attainable.    For both aluminums it appears that velocities in excess of 
10 km/sec are needed to fully resolve the   V   exponent question. 

R.   L.   Bjork,   using a hydrodynamic model,   has propounded a theory which 
culminates with the conclusion that crater volume is proportional to impact   mo- 
mentum.    He feels that at high enough velocities target strength does not affect 
penetration;   and this is shown in Figure 8 by the bounded region,  where the 
penetration characteristics of both types of aluminum should merge {2, 3).    Ex- 
amining the available information,   it is seen that the HOOF points are in the 
region and the 2014 points are approaching it.    It is possible that both materials 
will pass through the region and not merge.    Substantially more data at higher 
velocities are needed for verification of these statements. 

CONCLUSIONS 

Although much new information has been obtained about hypervelocity 
impact phenomena,   still more data at higher velocities are needed before several 
pertinent questions can be answered.     The effect of target strength is not   yet 
resolved,   although it appears from the    E/V   values for the different grades of 
aluminum and steel that at the velocities attained physical properties are important. 

Another point of conjecture is the exponent of the velocity term,   whether 
U should be 1/3 as for a momentum transfer or 2/3 as for an energy transfer-. 
Extrapolation of the aluminum sphere-soft aluminum target data for another cycle 
of impact energy would probably not be out of order,   since one would not expect 
deviation from a linear relationship after eight cycles.   Figure 5.     The volume- 
energy curves for each pellet-target combination are linear and do not show any 
tendency to curve ever.    On the penetration curve,   both 1/3-power and 2/.'i-power 
laws look quite reasonable. 

The validity of unsaboted aluminum cylinder data is questionable.     Because 
of the loss of mass,   the volume-energy curves using these data arc not considered 
reliable.     Results obtained with saboted aluminum cylinders show excellent agree- 
ment with the sphere data;    unfortunately saboting increases the accelerated mass 
and lowers attainable velocities. 
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OBLIQUE IMPACT OF HIGH VELOCITY STEEL PELLETS 

ON LEAD TARGETS 
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INTRODUCTION 

The formation of craters on solid surfaces by the impact of material 
bodies traveling at high speeds has been of great interest,   for some time,   in 
the fields of astronomy and geology.    This interest arose in connection with the 
origin of lunar craters and the recognition of meteor craters or. the earth.     More 
recently the need for information regarding rneteoritic damage to space vehicles 
has created new interest in impact cratering,   particularly on metal surfaces.   At 
the same time development of laboratory methods for shooting metal projectiles 
against metal surfaces at neap-meteoric velocities has made it possible to study 
craters resulting from projectiles whose mass,   velocity,  and angle of incidence 
are known.     Knowledge gained in such studies can in turn be applied to the older 
problems of lunar and terrestrial craters,   where such information is not avail- 
able.     The status of these two problems can be summarized very briefly. 

The origin of lunar craters.   --  Although sorrif.' half dozen or so separate 
hypotheses have been proposed to explain lunar craters since their discovery by 
Galileo in IfilO,   present-day controversy is limited almost entirely to choosing 
between rneteoritic impact and some sort of volcanic, action.     Largely as the 
result of an exhaustive discussion by Haldwin    ,   the impact theory is probably 
the more widely accepted at present.    The main objections to this theory have 
been based on the fact that all the craters appear to be almost perfectly circular, 
while one would expect that meteor falls over the years would involve a large 
range of angles of incidence.    Against the volcanic hypothesis,  on the other hand, 
are the very large sizes of many of the craters and their general shape ys corn- 
pared  to terrestrial volcanoes. 

Meteor craters on the earth.   --    It was not until the twentieth century 
that any terrestrial craters wrc recognized as arising from  the impact of 
meteors.    As la'.e as  litö'i some geologists did not accept the large crater in 
Arizona as a meteorite crate;       At  the present time there is disagreement eon 
• ermng the on, iu of olhe:     ; iters on the earth,   notably the Chubb ' rale.- in 
Nev. Quebe' .   (.'anada,   a:      tin   '  rater Klegante of Sonora,   Mexn o.     Here again 
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one would expect random angles of incidence,  yet most of the dozen or so well- 
attested meteorite craters on the earth are roughly circular. 

The high degree of circular symmetry found in both lunar and terrestrial 
craters was a serious stumbling block until 1924 when Gifford 2 discussed in some 
detail the similarity to be expected between high velocity impact and explosion.    In 
fact,  he called the crater forming process following impact an explosion process as 
opposed to simple mechanical indentation.    By this he meant that the very large amount 
of kinetic energy possessed by the meteorite as it reaches the =urface is quite suddenly 
made available to a small region of the target in the form of greatly increased molecu- 
lar motion of a small amount of target material.    Meteorite and target material are 
quickly vaporized and the resulting high pressure produces an explosion in the same 
way that a quantity of chemical explosive would.    The crater produced would be cir- 
cular even though the path of the meteorite were not normal to the target surface. 
A typical meteorite has far greater energy per unit mass by virtue of its impact 
velocity than does the most powerful chemical explosive. 

More recently Baldwin ^ has pursued these ideas in a strong argument for 
the impact theory of lunar- craters.    In order to give additional credence to the 
explosion hypothesis he sought similarities in the geometrical aspects of lunar 
craters and craters from chemical explosions on the earth.     In particular he 
considers the relationship between depth and diameter and claims that when one 
is plotted against the other the data fall on a single smooth curve from the 
largest lunar craters to the smallest shell holes.     Because the largest chemical 
explosion pits are considerably smaller than the smallest lunar craters,   it was 
necessary to include several large terrestrial meteorite craters to bridge the gap 
and thus rrake the curve at all convincing.     That it is convincing is attested to by 
the many references to it in the literature as proof of the explosion hypothesis 3. 
Nevertheless,   La Paz ^ casts considerable doubt on the validity of the curve just 
at rts most, crucial point when he questions the figure used by Baldwin for the 
original depth of the Arizona crater.     In any case the significance of the correla- 
tion lias probably been overemphasized and,   as a result,   the concept of rapid 
vaporization of incleorite and target material  m a relatively small region followed 
by explosive release of the concomitant high pressure has become widely accepted. 

In an alternative approach to the problem of cratcring by meteorites Öpik   , 
and also Rostoker ',   treated meteorite and target as perfect fluids under the ex- 
tremely 'ugh. pressures involved.    As in Pugh's theory     of penetration by high 
velocity metallic jets,   the fluid was considered to be incompressible.    Thus the 
process was viewed primarily as a mechanical .splashing out of the material from 
the crat"        As might be expected,   these assumptions led to a relatively tractable 
mathematical  model in contrast to the largelv qualitative descriptions of the ex- 
plosion model.     However,   only normal incidence was considered so that nothing 
could be said about the shape of the crater for oblique impact.     Of course the 
perfect fluid treatment is applicable only for the short time that the pressure is 
large compared to the strengths  of meteorite and  target materials so it was 
iie( essary to include some sort of resistance to plastic flow or rupture,   which 
> ould assert itself as the pressure dropped off,   m order to obtain a realistic: 
prediction of the final crater volume. 

Gilford and  Baldwin lay considerable stress on the idea that the meteorite, 
.md some  :arget  material along with it,   are actually vaporized arid that this vapori- 
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ization is the source of the explosion.     Furthermore they consider the explosion 
as quite separate from the initial impact and penetration;   the meteorite hits, 
buries itself beneath the surface,  and then explodes.    Incompressible fluid models 
look upon crater formation as the result of hydrodynamic flow of both meteorite 
and target from the moment of contact until the pressures fall to the order of the 
material strengths.    These two theories should be looked upon as representing 
particular aspects of the complete cratering process which includes elastic and 
plastic behavior,  incompressible and compressible fluid flow,  and vaporization 
(see,   for example,   Hopkins and Kolsky°).    Thus the problem is extremely 
coiuplex. 

The difficulties encountered in obtaining a quantitative theory of cratering 
on the basis of the meager data available were equalled by the experimental dif- 
ficulties entailed in simulating the phenomenon under controlled conditions in the 
laboratory.     Muzzle velocities of conventional guns are not high enough to produce 
anything beyond ordinary plastic flow,  and early work consisted mainly in attempt- 
ing to achieve higher velocities by various means.    As technique developed,   data 
became available on the sizes and shapes of craters formed on various metal 
surfaces by projectiles whose mass and velocity were presumably known.    The 
lack of a suitable theory led to many attempts to correlate the data with various 
physical properties of the target and projectile.     Most of these empirical cor- 
relations tend to indicate that crater volume is directly proportional to the kinetic 
energy of the incident projectile,   the proportionality constant being a function of 
parameters depending on the projectile and target materials   J"-^.     ilowever,   this 
proportionality holds only over rather restricted ranges of incident energy and 
conflicting conclusions are drawn with regard to the way in which the results 
deviate from the linear relation.     In most cases,   particularly at the higher veloc- 
ities,   the scatter in the data is probably too large to establish the uniqueness of 
such correlations. 

Such efforts are often hampered by uncertainty in the impact velocity and 
in the mass of the projectile actually reaching the target.     Thus while the major 
effort has been directed toward raising projectile velocities to the meteoric range, 
there is considerable need for carefully controlled experiments at somewhat lower 
velocities where the state of 'he projectile as it reaches the target is accurately 
known. 

The present work  i.1-" an investigation of both the volume and the shape of 
the crater formed  m  massL'e load targets by a steel projectile of fixed energy as 
a function of the angle of incidence.     Load was chosen in order to minimize effects 
due to the mechanirai .str"ngth of the target material since such effects,  even in 
much harder  ;naterinls,   probably nlay a relatively small role in Lnpacl phenomena 
at  meteci ■• vcloci: i' ■- 

PRO.IEC I UK .- 'i ST KM 

A pron ■ 'i  ■      /stem is J eq ored winch can accelerate a  metal pellet to a 
vei ■   high vole, r ■,   wuh rifgligibU:  loss of mass  (or at least with known loss of mass) 
and .um  n  a' i uraU'ly at   i  ta rget.     The obvio is answer for s iff it iently low veloc- 
ities  is Hie conventional gun in wh.- Ii i homii al propellants expand in a confined 
chamber and fon e tne prou" ■lie C   wn  '.he b.vrrei   OKC a piston.     in such a system, 
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the projectile velocity is limited by the fact that the large mass of propellant 
gas must be accelerated along with the projectile.    Beyond about 1500 meters 
per second further increase in the powder charge,   loading density,  and barrel 
length is reflected primarily in greatly increased pressure gradient in the 
column of propellant gases with relatively little increase in pressure immedi- 
ately behind the projectile and consequently little improvement in muzzle velocity. 

Attempts to increase pellet velocities have usually followed one of two 
alternatives.    The first is the so-called light gas gun ^ in which the expansion 
of the chemical propellant is used to compress a much lighter gaa such as helium 
or even hydrogen,   which in turn expands and accelerates the projectile.    The use 
of a high energy propellant in the first stage in combination with a very light gas 
in the second makes possible a substantial increase in final pellet velocity. 

The second approach,   which is the one adopted here,   attempts to replace 
the conventional propellant with a high explosive.    This obviates the need for a 
barrel since all of the acceleration is achieved by impulsive loading in times of 
the order of a microsecond.    The acceleration of metal fragments by means of 
high explosives is of course nothing new;    it is the basis of all fragmentation type 
bombs and warheads.     The present problem is chiefly one of keeping the pellet 
intact and aiming it accurately.    The technique has been developed over the past 
decade or so to a point where it now constitutes a relatively simple,  inexpensive 
and convenient means of achieving useful pellet velocities.    It is possible to obtain 
5 kilometers per second with a single solid projectile of fairly well known mass, 
and up to 10 kilometers per second or more in shaped-charge jets.    This is only 
an order of magnitude or so below naturally occurring meteoric velocities.     There 
are difficulties,   however,   in connection with projectile mass and shape.     In the 
single projectile type the highest velocities have been obtained only for relatively 
flat disks and with considerable loss of mass,   the amount of which is not accurately 
known.    In the shaped-charge jet a velocity gradient exists which causes it to stretch 
stretch and eventually break up into fragments traveling at different velocities.     It 
would be necessary to isolate one fragment and determine its mass as well as its 
velocity. 

In the design of a projector system for this experiment,   emphasis was 
placed on delivering an accurately known mass and on maintaining approximately 
unit aspect ratio (ratio of length to diameter) at some expense to velocity. 

When a flat steel disk is  accelerated from one end of a cylindrical charge 
by a detonation wave initiated al the other end it. is found that fracture occurs 
primarily near- the periphery of the disk since the free boundary permits the com- 
pressed metal to unload radially a.s well as axially near- the edge.     If this  radial 
component  is  large enough to overcome the strength of the steel the edges will 
spall off.     Near the axis al! the unloading occurs axially before ii  rarefaction wave 
ran sweep in from the edge to permit radial motion.      Thus if the required pellet 
is a relatively small disk surrounded by a tightly fitting washer-shaped  ring of 
the same material,   it will stay intact while- the nny breaks up.     The difficulty 
with this scheme is that fragments from the ring follow essentially the same path 
as the pellet,   striking the tar-get at the same point,   and thus ob.s   uriii^ the results 
due to the pellet itself.     In the past this difficulty has been mnun.i/.ed by makin 
the surrounding ring out of lead or Wood's meta; so that it    •   large'.v dispe- -. ■ 
by the time it  reaches the target surf;:' c,     Tnere  is of r ov   ■■■ some si,( 
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mismatching at the boundary between pellet and ring but the system is found to 
work fairly well in keeping the pellet intact and,   against  relatively hard targets 
like steel,   contributes little damage to the surface. 

On the other hand the damage caused by Wood's metal surrounds on lead 
targets was too great to be tolerated and an alternative system had to be found 
for the present work.    As a first attempt,  the end of the charge and the surround- 
ing Wood's metal ring were made conical as shown in Figure 1.    This gives a 
radial component to the motion of all the Wood's metal,  so that if the angle   0   is 
large enough the extraneous target damage will lie outside the region of interest. 
However,  as  9   increases from zero the pellet receives less and less support 
against radial unloading and begins to break up.    It was found that for Wood's 
metal surrounds no value of 9   would give both sufficient support of the pellet 
and sufficient dispersal of the surround at the target.    The Wood's metal was 
then replaced by steel and it was found that for a steel pellet 1/16 inch in diam- 
eter and 1/16 inch thick an angle of 2-1/2° gave ample dispersal,   while the 
greater strength of the steel surround retarded the radial expansion at the pellet 
boundary long enough for the pellet to unload axially. 

The final charge design,   which yields a pellet velocity just over 3 km/sec, 
is shown in Figure 1.    Since there is no barrel to guide the pellet after it begins 
to move,   accurate aiming depends entirely on holding very close tolerances with 
regard to cylindrical symmetry.    The main charge is Composition B (60% RDX 
and 40 % TNT) 5 inches long and 1-5/8 inches in diameter.    This is initiated by 
a No.   8 detonator in conjunction with a pressed tetryl booster charge 1/2 inch 
thick and 1-5/8 inches in diameter.    The Composition B is cast over the metal 
components,   which are aligned accurately in a 1-5/8 inch diameter cylindrical 
charge mold.     In order to maintain good contact between the explosive and the 
metal components a ring of shellac is smeared on the surround,   near its outer 
edge,   before the explosive is poured.     The pellet is a press fit in the surround. 

MEASUREMENT OF PROJECTILE CHARACTERISTICS 

Projectile velonty.--  The velocity of the projectile was determined by 
timing its flight over fixed distances.    A  model 7270 Beckman-Berkeley Time 
Interval  Meter with a ten-megacycle tune base was used to record the lime. 
The timer was started and stopped by pulses  from charged condensers which 
are suddenly discharged by shorting switches at the beginning and end of the 
flight.     The starting switch consisted of a pan- of No.   2 8 Nylclad copper wires 
twisted together and taped to the side of the charge at the boundary between the 
charge and the steel surround.     The stopping switch consisted of two sheets of 
lead foil about 5  mils thick separated by a sheet of paper about 1   mil thick. 

Average velocities were measured over several path lengths in order 
to detect any acceleration or any systematic error arising from time lags in 
the pulsing systems.     Distance-time data are plotted in  Figure 2,   together- with 
a least-squares linear fit of the data.     The velocity is seen to be constant over 
the range checked and has the value 

v =>   (0.3186 t   0.0015) x  106 cm/sec. 
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Projectile mass.     -- Several charges were fired into stacks of 1/2 inch 
Celotex sheets and the projectiles recovered intact after passing through three or 
four inclies of Celotex.     The distance between the charge and the Celotex was 
about 70 cm.    The projectiles were weighed to a tenth of a milligram before and 
after firing.    A one or two percent loss in mass was found.    Since a good fraction 
of this loss probably occurred in the Celotex,   it is a safe estimate that the mass 
lost in air is of the order of a percent or less. 

The pellets were nominally 1/1G inch lengths.     The important quantity is 
the mass.    The average mass of the pellets used was 

m = (0. 0234 t   0. 0001) grams 

where the limits represent an approximate standard deviation of the mean for a 
ten-shot sample. Based on a density of 7. Ü1 g/cm , this figure corresponds to 
an actual volume about 5% less than the nominal volume. 

CRATERING EXPERIMENT AT VARIOUS ANGLES 

With the mass and velocity of the incident pellet accurately known there 
remained the problem of aligning the charge axis with the target surface at the 
desired angle.     The  method adopted is shown in Figures 3(a) and 3  (b).    A  1-5/8 
inch steel rod about  18 inches  long was rigidly attached at one end to the roof of 
the firing chamber.    An 18-inch length of wood molding of right angle cross section 
was taped to the lower end of the rod,   and extended about 14 inches beyond it. 
After alignment of the target the charge was taped to the molding with the pellet 
aiming down and with the charge extending about an inch beyond the molding.     The 
target was mounted en an adjustable frame placed on the floor of the chamber 
below a l-inch thick baffle plate.     The pellet was fired through a 3/4-inch hole in 
the baffle. 

the square.     When the target, angle is equal to the angle set on the pr itractoi   the 
mirror is then perpendicular to the charge axis,   as determined by the piece of 
molding.     This adjustment is made with the help of a telescope taped to the mold- 
ing in the position to be occupied by the charge.     The telescope is focused on its 
own image in the mirror and the target stand adjusted by means of its levelinp 
screws until the image of the front end of the telescope is centered on cross hairs 
m the focal plane.     Two pieces of white tape about  1/8 inch wide,   placed across 
the objective of the telesc ope at right angles to each other,   define the center of 
i he image. 

With this adjustment completed the  mirror-protractor assembly is  removed 
and the telescope  focused on the target surface which is then  marked at the point 
i overed by the i ross hairs.      The diameter of the telescope body was equal  to the 
charge diameter so the pellet should strikt; at this point.     Deviation of the actual 
'crater from this point then represents deviation of the pellet path from the charge 
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(a) (b) 

Fig. j Experimental arrangement for oblique angle c ratering, 
(a) Optical system ior aligning target, (b) Charge and target 
ready for firing.    Baffle plate is in place  on large  stand. 

519 



STEEL PELLETS ON LEAD TARGETS 

axis and corrections to the incident angle can be taken into account where neces- 
sary.    The telescope is then removed and the charge mounted in its place. 

Ten shots were fired at each of 'he following angles of incidence (meas- 
ured from the normal);    0,   20,   30,   35,   40,   45,   50,   55,   GO,   05,   and 70 degrees. 
The targets were lead plates approximately G inches x G inches.x 1 inch.    The 
upper surfaces were machined flat on a shaper.     The target was approximately 
140 cm from ihe charge,   but this distance varied a few centimeters depending 
on the angle setting.     The baffle plate was about 40 cm from the charge. 

Typical craters are shown in Figure 4.    A good idea of the accuracy of 
the system can be obtained from the plan views by comparing the positions of 
the craters with the intersections of the scribed lines on the target surface. 
(A second set of marks,   scribed after the shot,   define the longitudinal and trans- 
verse lines along which subsequent measurements were made.)   The maximum 
difference is of the order of one or two centimeters,   corresponding to less than 
a degree of angular error.     This error is in addition to the unknown,   but pre- 
sumably much smaller,   error in the initial alignment of the target with the tele- 
scope axis.     The actual uncertainty in the angle of incidence is considered to be 
of the order of one degree. 

MEASUREMENT OF THE CRATER CHARACTERISTICS 

Both the volume and the shape of the craters are of interest.     For normal 
incidence at these velocities the craters are almost perfectly hemispherical re- 
gardless of the shape of the projectile,  as long as its aspect ratio is not too dif- 
ferent from unity.     This characteristic has been widely used as the criterion 
for the hypervelocity regime of impact.    It is usual,   therefore,   to measure depth 
and diameter as well as volume.     In the case of oblique impact it is of interest 
to examine the deviation from the hemispherical shape as the angle of incidence 
is increased.    Diameters were therefore measured in both the transverse and 
longUudinal directions.     These measurements as well as the depth,   were made 
with a low-power traveling microscope.    As shown in Figure 4,   diameters were 
measured at the level of the undisturbed surface,   and depths were measured 
down from this surface. 

A diameter was  measured by first focusing the microscope on the un- 
disturbed surface,   then moving it across the run until the wall  came into focus 
at the i toss hairs.     The position of the microscope was recorded and it was 
then moved across the crater until the wall again came into focus,   when the 
position was again recorded.     The microscope was then moved a( ross the  rim 
to the undisturbed surface on the far side,   where the focus was  rechecked.     In 
the course of making depth measuremenls,   complete vertical profiles were- ob- 
tained along the line o! symmetry in the  longitudinal direction by measuring the 
depth at  1   mm intervals.     This procedure made it possible to ascertain the maxi- 
mum depth with considerable assurance  regardless of the degree' of asymmetry 
and m fact gave a graphic picture of the asymmetric shape of the ( rater. 

Crater volume was taken to be the volume below the original surface of 
"he material.     To determine this the (rater rims were machined down to the 
undisturbed surface.     The crater was  then filled with modelling clay of known 
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^« 45° 
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Fig. 4.    Typical craters f!Om  impact on lead at 3.ii km/sec.    Pellet came 
from the left in tfaesc photographs.    Magnification is approximately 2:1. 
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fim&i 

<X= 65° ^=  730 

Fig. "I  (Continued).    Typical craters  from impact on  lead  at   3."i km/sec. 
Pellest  came  from  the  left in these  photographs.    Magnification is approx- 
irriat.iily 2:1. 
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density.     The excess clay was carefully shaved off with a razor blade.     The 
remairuntJ clay was removed and weighed. 

RESULTS 

The results of the crater measurements are summarized in Table I and 
plotted against the angle of incidence  a   in Eigure 5.    The depth measurements 
P   have been doubled in Eigure 5 to permit direct comparison with the transverse 
and longitudinal diameters   Dt and D « ,     Eor hemispherical craters we have   Dj-  = 
D^   = 2P.    The results show that at normal incidence the crater is not quite hemi- 
spherical;    2P is greater than the diameter.     Casual inspection of the plan views 
in Figure 4 leaves the impression that the craters are circular- out to rather large 
angles;    however,   careful measurement shows that elongation begins to occur as 
Soon as   a  deviates from zero. 

Crater volume is shown as a function of cos  a   in Eigure 6.     The relation 
is quite linear except at the extremities of the curve.     This suggests that the vol- 
ume is  linear in the component of velocity or momentum of the fragment normal 
to the target surface.    However,   when these results are combined with a similar 
set of data obtained by Kineke    ^ for a . 18 gram pellet with a velocity of 5 km/sec 
it is found (Fig.   7) that the ratio of crater volume to fragment energy is a linear 
function of cos a   which is independent of the energy (at least approximately).   In 
other words,   at any angle of incidence the volume appears to be proportional to 
the incident kinetic energy and the proportionality constant is a linear function of 
the cosine of the angle of incidence. 

DISCUSSION OE RESULTS 

A detailed theory of cratering is out of the question at the present time. 
It is a problem involving three-dimensional time-dependent fluid flow,   which 
also must include plastic and elastic behavior as  the initial high pressures fall 
to values comparable to the slrergths of materials  involved.     Even the related 
but much simpler problem of a steady state,   perfect fluid jet impinging on a 
perfect fluid surface has been solved only in two dimensions  where the methods 
of complex variable arc,' applicable.    The many attempts to solve- this relatively 
simple- problem in three dimensions have failed.    Any interpretation of the ex- 
perimental  results described above must therefore rely primarily on plausibility 
arguments based on conservation of energy and momentum. 

It is known that a considerable amount of material is splashed out of the 
crater,   carrying with it a large fraction of the total energy initially available. 
It can be assumed that the final crater volume V is a function of the difference 
between the total initial energy    E „ and the kinetic energy    Es    carried away in 
this fashion.     Eurthermore the simplest possible form for this function will be 
assumed,  namely that the volume is directly proportional to the energy difference 
■I hat is 

V  =  K   (Ep - E3) 

V     =   K f 1   - 
EP/! 
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fig. 5  Crater dimensions vs. Impact angle ^. . 
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flg.  6      Crat«r TOIUUM TB.  cosine of the  Impect angle. 
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Flg. 7  Crater volune per unit projeetilo energy VB. coalno of 
the Impact angle. 
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1 2 where E   " 2" mv    is the kinetic energy of the pellet.    In order to make use of 
the conservation of momentum we write   Es as the sum of the kinetic energy 
E of the center of mass of the material splashed out and the energy    E cm ' s^       r 
relative to the center of mass.   Thus 

E„ Ecm + Er 
= 

1 

1 
-2 

m'v 

mv 

2 
+ 

Er 
EP EP 

Put 
m E r . 

I* 2 
P.X    + e 

In the case of normal incidence the law of conservation of momentum gives 

mv  -   {-m'v') = mv   (1 + \JL\)  -   j F dt ■  I, 

where 1 is the total impulse delivered to the target.    Solving for  X   we obtain 

rhen 

x-i 

I 
mv 

or 
1   -   I mv        J 

ii V mv     / 
+ e 

Note that if volume is proportional to energy,   as indicated by most experimental 
results,   then the quantity in brackets must be constant.     It is not unreasonable 
that this bo approximately constant over limited ranges of   v. 

For the arbitrary angle a   we consider normal and tangential components 
of momentum: 

mvn  -   (-m'v^)   - mvn   (l  + p.An)  .  In 

mvt  - m'v^.     - mvt   (1   - U-^t)  ■ It 

whert 

sm  a   gives 

n        Ü 

Yt 

■   ^        - 1 )   ,   -xt . I 
mv cos a / z      n 

Putting    vn =  v cos   a   ,   v =  v 

mv  sin a 
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E        im'   (X_2 v2 cos2 a + X2 v2 sin2 a) 

1 2 
2 mv 

2 2 2 2 
^   (Xn cos    a + ^t  8ln    ci)  + e 

cos a sin a + e, 

The tangential fürces are primarily viscous and should be much smaller 
than the normal pressures developed upon impact (except perhaps at very high 
values of  a ). 

Setting It = 0 gives     I with ln " —0.  j 

Is. 
Ep 

i    J 1^ -  21n cos a + 1 + e 

or ln cos a - K   li I2 + i + e  - 1   !•     . 

and 

ET 
The experimental results then imply that the quantities 

K i 1„ » a 

M i i? + J + e 

1 +Ä - e 

are independent of   v   and  a  .    Solving for   in and   (i yields 

1     -K   ( n     ä V ) + VS(^|-') - 1 

H  -  2 

Thus in and   M-   may still depend on   v   and  a   but only through  e.     However, 
the ratio   inl U is constant.      a   and b   are the slope and intercept of the line in 
Figure 7      The quantity   e   is unknown but should be small compared to unity and 
can be neglected in making a rough calculation.     K   can be related to the shear 
strength of the target in accordance with the following rather crude picture: 

The energy difference E - Es can be looked upon as the energy avail- 
able to open the crater against whatever forces lend to prevent it -- predomin- 
antly the critical shear stress O . The wo rk done by this energy in forming 
a crater of volume    V    is  then approximately given by 

Ep    "   E9   =      / ac dV   - ac V 

from which    K =  1 / 0   ..     Under normal  rates of loading 
10    dynes/cm".     Using this value,   with a =  3.7  x  1(1 
U)" ' " '^ ciivJ/erg1  we obtain   i-   " 

is of the order of ' 
I erg and   b  -  1. 0 x 

2 900.    Since the entire mas ass repre- 
sented b     the crater volume divided by the mass of the pellet is only 150,   this 
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figure is much too large.    At the very high rates of loading which occur in crater- 
ing a      will be higher than the usual handbook values and may even approach its 
theoretical value of 10^ dynes/cm^ or so.    A value of 10ö dynes/cm2 gives in S 6, 
U-'  =  31.    This value of \l seems to be about the right order of magnitude as esti- 
mated from the flash radiographs in Figure 3.    If these arguments are valid,    ? 
must be closer to the theoretical than to the statically measured value at these 
rates of loading.    For normal incidence   X     ■£ . 15 and the fraction of the initial 
energy which is carried away is Es/Ep   S jx X     2■21,74%. 

A relaiiun between crater depth and crater diameter can be derived on 
the assumption that the cratering process consists of a primary penetration,  in 
which the projectile is eroded away,  followed by a so-called "afterflow" of the 
target material which is the result of the high pressures developed in the primary 
penetration and which continues after the projectile is used up until the pressure 
has fallen to the order of the material strength of the target.    This is essentially 
the model used to explain penetration by shaped-charge jets '.    In that case,  how- 
ever,   the penetrator is a very long thin jet so that the primary penetration domin- 
ates the process;    the afterflow concept merely explains,  in a qualitative way, 
the fact that the hole is much wider than the jet and,  in soft materials,  slightly 
deeper than the primary penetration theory predicts.    In cratering at hyperveloc- 
ities the reverse is true.    The projectile can be looked upon,   approximately,   as 
a very short jet,   and the resulting primary penetration,   which depends only on 
the length of the jet and not on the velocity,   will therefore be small.    The after- 
flow,   which depends on the initial pressure,   will increase with increasing velocity. 
The afterflow has approximate spherical symmetry so that when it is large enough 
to dominate the primary penetration the crater approaches a hemisphere,   regard- 
less of the geometry of the primary penetration. 

According to this model, at normal incidence a crater would be approxi- 
mately hemispherical if the primary penetration p were just half the projectile 
diameter   d (see Fig.   9).     But jet penetration theory gives 

Po - •*   l/pp/Pt 

where   /   is the length of the penetrator, p     its density,   and     p, the density 
of the target.     The vertical elongation of the crater P - .i. D will be given by 

or for unit aspect ratio    ( /  = d): 

r)   - 4 D  -  I    i  J.o   /c       - 1 VpP/pt 

For an angle of incidence  a  the primary penetration ."(.'aches a 
depth below the target surface' given by 

p - p0 cos a - /   \/Pp/Pt     C08 a 
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Flg.  9      Idaallied representation of vertical elongation. 

0.4 - 

0.2 - 

a 
<N   0 

-0.2 - 

-0.4 

1 

O'2 SO Al 

/                                                       * /*' 
- /       0   17 SO Al                      S 

S              • 

1          / •       '      • 

^r       • 
j£     • 

r              i 1                      1                     1 
0.2 0.4       0.6       0.8       1.0 

Cos of. 

Fig. 10  Vertical elongation of the crater vs. cosine of the Impact 
angle. 
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and the vertical elongation becomes 

In Figure 10 the quantity     tP -   2 ^j/^    ^s P^ot;te^ against cos a for the lead 
data,   together with the line predicted by this equation for a steel pellet ( p    = 
7. 81 g/cm3) on a Lead target   ( P. = 11. 35 g/cm3).    A small amount of aluminum 
data at 60° obliquity is also shown.    On the whole the agreement is good enough 
to indicate that the concept of primary penetration followed by afterflow com- 
prises an adequate description of cratering in lead at 3 km/sec.    As the pellet 
velocity is increased   P   and   D   increase while   /   remains the same so that 
the relative asymmetry decreases and the crater appears more and more hemi- 
spherical.    There would seem to be no necessity for introducing any sort of 
vaporization or other explosion mechanism to explain hemispherical craters, 
even at oblique angles of impact. 

The tendency for the lead data to fall off in a stepwise fashion with 
decreasing cos a   may be connected with the transient nature of the primary 
penetration of a short pellet.    There is not sufficient time for the formation 
of a true steady-state penetration process as visualized by the jet theory.    Non- 
steady shocks and rarefaction waves undoubtedly  complicate the picture.    The 
fact that 17SO aluminum falls below 2SO aluminum is an indication that the 
strength of the target,   which is neglected in the simple jet theory, does Äi fact 
play a role. 

SUMMARY 

It has been shown that for any given angle of incidence the ratio of crater 
volume to projectile energy is approximately the same for projectile velocities 
of 3 and 5 km/sec.    This is in agreement with the general trend of results at 
normal incidence which indicates that volume is proportional to the projectile 
energy.     In addition,   this ratio is found to be a linear function of the cosine of 
the angle of incidence.      Interpretation of this in terms of the requirements of 
conservation of energy and momentum provides sufficient information to estimate 
the fraction of energy which is carried away by the ejected material,   provided 
the dynamic critical shear stress is known. 

The relation between crater depth and crater diameter as a function of 
impact angle indicates that the cratering mechanism can bo adequately described 
as a process of hydrodynamic penetration followed by a radial flow,   resulting 
from a residual momentum and kinetic energy of target material produced by 
the initial high pressures.    This flow continues until the dynamic pressure falls 
below the strength of the target. 
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ABSTRACT 

Hypervelocity impact of semi-infinite blocks of heated OF1IC type 
copper has been made with aluminum,   chrome alloy steel and tungsten car- 
bide projectiles of 1/4 gram mass at velocities up to 6. 5 km/sec.     The target 
temperature varied between room temperature and 1600oF.    All impacts were 
made normal to the target surface. 

An investigation is made to determine how the impcrtance cf target 
temperature and mechanical properties vary with increasing projectile 
velocity.     Also a correlation of the variation of energy/volume and target 
tensile strength is made. 

INTRODUCTION 

The impact of copper targets has been studied 1> 2, «  extensively up to 
velocities of 2 km/sec.     Atkins1* summarizes the penetration data obtained for 
aluminum,   and tungsten carbide projectiles into copper targets.     There have 
been several studies ^"^ performed on heated targets.     Ferguson3 presented 
the results of impacting copper targets with tungsten carbide projectiles at 
target temperatures of 75° and  800oF.     Allison 3 impacted targets with steel 
projectiles at a velocity o; 5 km/sec,   varying the target temperature between 
room temperature and  1100° F.     He showed a correlation between the volume 
of material removed and such mechanical properties of the target as the brittle 
to ductile transition in cadmium and zinc,   and the annealing inflection in the 
tensile strength of worked copper.     To a good approximation it has been shown" 
that the ratio of projectile energy/volume removed is directly proportional to 
the Hrinnel hardness of the target,   and penetration is  proportional to the i ube 
root of Brinnel hardness" of the target. 

This paper is an attempt to do the following: 
1)    extend the existing data of impacts inro heated copper to 

velocities up to (i km/sei . 
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2) correlate the variation of energy/volume and tensile 
strength with target temperature, 

3) investigate how the importance of target temperature 
and mechanical properties vary with increasing impact velocity. 

The work presented in this paper was performed under contract to the 
ARPA (ARPA  149-60). 

EXPERIMENTAL CONDITIONS 

The projectiles used were aluminum 7075-T6 (density 2.78 gms/cc), 
chrome alloy steel (density 7. 8 gms/cc),   and tungsten carbide (density 14. 9 
gms/cc) spheres and cylinders of about 1/4 gram mass.    The dimensions of 
the projectiles were 1/8'' dia.   tungsten spheres,  5/32" dia.   steel spheres,  and 
bore-size (0. 22" dia. ) aluminum spheres,   cylinders (0. 220" dia.   x 0. 165" long) 
and sphere-cone cylinders. 

The targets used were semi-infinite (6" x6" x 3") blocks of Oxygen Free 
High Conductivity (OFHC) type copper.    Because of the importance of target pro- 
perties in the cratering process,  a determination of tensile strength.   Young's 
Modulus and grain size at temperature was made.     The results are shown in 
Table 1 and 2.    Brinnel hardness measurements across sectioned blocks in the 
direction of impact were made,   and the average reading was 72. 

The impacts were made at the Avco RAD Ballistics Range Facility.    The 
0. 22 caliber light gas gun was used to launch projectiles at velocities up to 6500 
m/sec.    A description of the Ballistics Range,   0.22 caliber light gas gun,  and 
method used to launch bore-size projectiles has been presented in a pre. lous 
paper      .     A sabot was developed for the 0.22 caliber gun  .n order to launch the 
higher density projectiles at velocities up to 4800 m/sec.     The sabot was con- 
structed of aluminum and consists of five pieces.     Four accurately machined 
quarters of a cylindrical section are locked together by the spherical projectile. 
The fifth part is a disk with a conical back surface which acts as a driver that 
[lushes evenly on the sectioned cylinder. 

Two Kerr cell shadowgraph stations were used to obtain velocity moasure- 
ments.     The velocity obtained by measuring the time of flight over a measured 
distance between the photographic stations was corrected for drag to obtain the 
actual  impact velocity. 

I'he targets were heated along two edges atid one face by means of nichromc 
wire heating elements located in an insulating box.     The power supply consisted 
of a 110 volt 60 cycle line.    The targets were heated to the desired temperature 
and then immediately impacted.     A chromel-alumel thermocouple imbedded at the 
top of the block was used  to determine target temperature.     Calibration checks 
were made to determine if temperature gradients existed within the target.     The 
measured gradients were found to he negligible. 

The heating apparatus was  mounted on a table top and the entire configura- 
tion placed at the end of the  range.     A mylar window was used at  the end of the 
range to allow a vacuum to be maintained in the range.     The target was positioned 
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TABLE 1 

TENSILE PROPERTIES OF TARGET MATERIALS 

Temperature Tensile Strength        Modulus of Elasticity 
(0F) (psi x IfT3) (psi x lO"6) 

75 29.2 16.3 
700 14.4 11.7 
900 11.4 10.2 

1200 3.75 3.7 

TABLE 2 

ASTM GRAIN SIZE AFTER COOLING 

Target Grain Size Grain Size 
Temperature Near Crater - Base Material 

(0F) (mm) (mm) 

1560 0.120 to 0.150 0.200 to 0. 250 
1560 0.120 to 0,150 0. 150 to 0. 200 
1560 0. 120 to 0. 150 0. 200 to 0. 250 

800 0.010 to 0.015 0.120 10 0.150 
800 0.010 to 0.025 0.150 to 0.200 
800 0. 035 to 0. 040 0. 150 to 0. 200 

approximately seven im.-hes from the mylar window when impact occurred. 

Measurements of penetration depth,   crater diameter and volume were 
made following impact.     A micrometer depth gage (accuracy I 0. 005 cm) was 
used to determine penetration depth below the original surface of the target,   and 
a vernier caliper  (accuracy 1 0.01  cm) was  used to measure the crater diameter 
at the original surface level.    Volume measurements (accuracy   _   0. 05cc) were 
made using a glycerine solution.     The following sections describe the results 
obtained. 
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RESULTS 

The results of the study are shown in Figures 1 through 12.    Some of the 
plots denote points as being calculated.    Some of the saboted impacts revealed 
parts of the driver disk in the crater.    Where it appeared as if the crater diam- 
eter was undisturbed,  the diameter was recorded.    In an effort to make use of 
the data obtained on targets where sabot fragments were observed,  a linear fit 
was made to the square of the center diameter and the crater volume.    The 
results are shown in Figure 7.    The data points marked calculated refers to 
points obtained in this manner. 

1.    Nature of Craters 

The craters observed were characterized by a layer of projectile material 
covering the target material,  the extent of which varied for the three pellet ma- 
terials.    The aluminum results showed a thin layer of aluminum plating the copper 
up to and including the lip of the crater,  indicating the viscous fluid flow of the 
projectile.    At the high temperature,   (1600oF) and high velocity,   (4000 to 6000 
m/sec) cases,   a film of brass was noticeable covering the aluminum film.    The 
brass is formed due to the presence of 0. 1 percent zinc in the aluminum (7075-T6) 
projectile.    For steel and tungsten carbide impacts,   the appearance of the projectile 
residue was that of both a thin layer concentrated on the bottom and fine particles 
found higher on the crater walls.    Some of the steel impacts resulted in a small 
cone of steel (about 1/16" diameter and 1/16" high) located at the bottom of the 
crater,   indicating that in these cases the projectile did not completely disintegrate. 
The steel impacts that did not exhibit this small cone showed a hole in the steel 
lining of the crater about the diameter of the cone.     The presence or absence of 
this cone obviously affects the depth measurements but has negligible effect on the 
volumes measured.     There were no noticeable changes in crater profile except for 
dimensional ones at the high target temperatures,   for the steel and tungsten car- 
bide impacts. 

The shape of the craters varied with projectile material.     The aluminum 
and steel craters have depth to diameter ratios of approximately 0. 4 and 0. 5, 
respectively,   at the high end of the velocity scale,   whereas the tungsten carbide 
results show craters which are somewhat deeper in penetration,   having a depth 
to diameter ratio approaching 0. 7 from above,   at the upper limit of the velocities 
considered.     The criteria that the depth to diameter ratio of 0. 5 is a necessary 
condition for hypervelocity region,   indicates that the tungsten carbide impacts 
are not in the hypervelocity region. 

2.     Volume  l-Jne.-^v   Relationships 

Figures 4-6 show the variation of volume of material  removed as a function 
of projectile energy for different target temperatures.     For a given target  tem- 
perature,   the volume increases with increasing projectile energy in a non-linear 
manner.     Atkins'' and others have' suggested that a linear- volume-energy relation- 
ship is a characteristic of hypervelocity impact.      This implies that energy dis- 
sipated per unit crater volume, -rr ,   is a constant over that velocity region for a 
given projectile-target combination.     Bjork's ''   theory on the other hand predw is 
that volume is proportional to projectile momentuin at high velocities,   imnlving 
E   is a linear function of velocity in the hypervelocity regior.     The plots   . 
V 
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-TT-versus velocity.  Figures 8-iO,  show that   -&■ increaaes linearly with velocity. 

Atkins4 and others ^ have noted that for several projectile target combina- 
tions the energy per unit volume can be expressed as a linear function of the target 
Brinnel hardness.    Hardness readings at temperature were not available for the 
copper used,  but since the variation of tensile strength with temperature is quite 
similar ^» ^ to the hardness temperature profile,   JL  was correlated with the 
measured tensile values.    Figure 11 is a plot of Jtj-  versus tensile strength for 
the different projectile materials considered.    The curves are shown for several 
projectile velocities.    A linear relationship exists of the form: 

-5-=cU+d (l) 

where  U  is the tensile strength of the material 
C,  d, constants which depend on projectile velocity. 

The intercept values,  which have been determined by extrapolation,  repre- 
sent the energy/volume values near the melting point of copper,  and the difference 
between this value and the energy/volume at a tensile value of 2 9,000 psi (target 
at room temperature) represent the change in -6- due to the influence of target 
temperature.    If one normalizes this differencevby dividing it by   4v(29 x 10^ psi), 
a comparison of relative contribution of temperature effects on -fe    for different 
projectile velocities can be made.    The results show in general tnat the extent of 
influence of target temperature on the cratering efficiency does not change with 
increasing projectile velocity over the range of velocities considered.    This 
implies that we are impacting at velocities where the strength properties are 
important considerations. 

Bjork's analysis was made ignoring the strength properties of the target 
mi'-terial. 

If one combines the linearity conditions of   TT with velocity and target 
tensile strength,   one can write the following general expression: 

-£-= oU+bv + cU v+d (2) 

Where   U = target tensile strength 
V = projectile velocity 

0,b,C,d   constants 
which can be rewritten 

V =  ^  (3) 
aU+b/*-cU v+d 
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Dividing both numerator and denominator by projectile velocity,  letting 
V get very large and holding   U   constant,   one obtains: 

V= km v 
which is valid at velocities where the strength properties of the target are small 
enough to be ignored.    This conclusion is in agreement with Bjork's assumption. 

Other investigators have noted a correlation between Ihe volume of ma- 
terial removed during impact and the annealing region for copper.    Allison in 
Reference 3 showed a large increase (about 100 percent) in volume occurring 
around the annealing region (500° F to 800° F) for steel impacting electrolytic 
tough pitch copper.    The tensile strength of the copper used by Allison showed 
a decrease of 7 5 percent over that temperature region.    The copper used in this 
study (OFHC 1/4 hard) had a tensile-temperature profile which was considerably 
different from that used by Allison,   and the results obtained show a smoother 
volume-temperature variation over a similar temperature range.    Figure 12 
summarizes the above statements by comparing graphically the dependence of 
-£-     and tensile strength on temperature for both the results obtained by Allison 
and the authors.    The conclusion that one can make from a comparison of this 
sort is that the response of the target material to particle impact is strongly 
dependent on the way the target material is worked prior to impact. 

3.    Penetration 

Figures 1-3 are plots of the depth of penetration as a function of projectile 
momentum al target tcmreratures of 75°,   800° amd 1600° F.    In general,  the 
results show that at a given target temperature,  the penetration increases with 
increasing projectile momentum or velocity.    Also,  the depth of penetration in- 
creases with increasing projectile density. 

The aluminum data represents impacts made with the projectile of varying 
shape,   over a small range of masses (0. 20 to 0. 30 gm).    Cylinders,  spheres and 
sphere-cylinder-cones were fired to investigate the effect of projectile shape or 
orientation on the subsequent damage.    The results do not indicate any significant 
changes in the crater geometry occurring with the different shapes. 

Figure 3 is a plot of the tungsten carbide; data,   including results obtained 
by Ferguson of the Naval Research Laboratory (reference 5).    The targets used 
in the NRL study were annealed blocks having an average Brinnel Hardness of 
48.0 for the as received blocks.    The NRL studies indicate that the transition 
velocity for tungsten carbide into copper occurs approximately at 1 km/sec,   at 
a target temperature of 75° F,  and does not change in value when the target is 
impacted at 800° F.    The results of the NRL ytudy,   if extrapolated into the veloc- 
ity region reached in this study,   show slightly higher values of penetration depth 
occurring at the same projectile velocity.     This can probably be attributed to the 
difference in Brinnel Hardness of the two target materials considered,   since there 
is evidence from the aluminum data (see  Fig.   1) that the penetration into an an- 
nealed target (BHN 41) is somewhat greater than that into the (1/4 hard OFHC) 
(BHN 72). 

546 



HYPERVELOCITY IMPACT OF HEATED COPPER 

CONCLUSIONS 

The impact of semi-infinile blocks of heated OFHC copper with aluminum, 
steel and tungsten carbide projectiles of 1/4 gram mass at velocities up to 6. 5 
km/sec yielded craters whose dimensions increase with increasing target tem- 
perature.    Both the depth of penetration and volume increased with increasing 
projectile density. 

The results show that the ratio of (projectile energy/volume of material 
removed) varied linearly with both the projectile velocity and the target tensile 
strength.    Combining these two results it was shown that the crater volume will 
be proportional to the projectile momentum at velocities high enough so that 
one can neglect the strength properties of the target.    These velocities exist 
beyond the range considered in this study,  since the results showed that the 
strength properties uf the material are still significant at these velocities. 
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SPRAY PARTICLE TECHNIQUE 

FOR STUDYING HYPERVELOCITY IMPACT 

Thomas Lee,   William.Clark and Emerson Cannon 

Utah Research and Development Company 
Salt Lake City,   Utah 

INTRODUCTION 

The problem of accelerating large masses to high velocities is one which 
is formidable.     Accelerating a small mas (less than lO"^ gram) to a high velocity 
is not so difficult and has been done with some degree of saccess.     The method 
used at Utah Research and Development Company is one which utilizes spray 
particles.    The discovery of spray particles and the subsequent recognition of 
them as a tool for studying hypervelocity particle behavior and hypervelocity 
impact was made by the authors and others at the University of Utah High Veloc- 
ity Laboratory.     It was noted while studying the spectral characteristics of the 
impact flash that the light from the impact flash was mainly concentrated in some 
rather long streamers extending out from the point of impact.    Open-shutter 
photographs of the impact flash (Fig.   ]) show these streams of Light clearly. 
Further investigation showed that when an obstacle is in the path of one of these 
streamers a secondary impact flash is produced.     The existence of the secondary 
impact flash indicates the presence of spray particles producing the secondary 
flash.     R.   E.   Blake ")    made a rather detailed study of the velocity and size 

(9) distribution of spray particles.    Clark,   Kadesch and Grow v  ' described the 
behavior of spray particles in terms of meteorite theory and suggested experi- 
mental  techniques for studying single spray particles. 

The striking similarity between the micro-craters made by impacting 
spray particles and the normal macro-craters was noted while looking at a spray 
impact area on steel shim siock through a microscope.    As is seen in Figure 2, 
the micro-craters have all of the characteristics of the normal craters in alum- 
inum.      They have the same symmetrical pattern,   the raised    lip and the delicate 
petals. 

Experimental work in the research facility of Utah Research and Develop- 
ment Company has been aimed at obtaining a single spray particle whose velocity 
may be measured accurately and whose diameter and mass may be determined. 
The experimental method of doing this is simple and straightforward in outline, 

hut considerably less simple in practice. 

The ability to obtain data which is of value from small particle impact 
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depends to a Large degree on the validity of scaling laws employed.    When the 
hydrodynamic model of impact damage is employed,   (as has been done by most 
theorists) it is necessary to assume either that viscosity is of negligible impor- 
tance or that it plays a large role.    The validity of the assumption made deter- 
mines,   lo a large extent,   the ability of a given scaling law to represent the facts 
as will be discussed.    It is possible to determine the effect of viscosity on the 
process of crater formation by varying the size of the impending projectiles over 
several orders of magnitude while maintaining a relatively constant velocity. 
The experiments which are reported in this paper are ideally suited for this 
purpose and have been used to determine the effect of viscosity on the cratering 
mechanism.    This paper also indicates some scaling phenomena of importance 
in predicting damage due to projectiles of large mass at high velocity. 

TECHNIQUES 

Presently,   the gun being used at URDC is a 25 caliber,  smooth-bore, 
experimental gun that is well known to many of the readers.    A picture of the gun 
mounted to the vacuum tank is seen in Figure 3.    This gun is chambered for a 
243 swift cartridge.     The cartridge is loaded with a standard load and the one- 
quarter-inch steel sphere is forced into the mouth.    The gun is fired into a 
vacuum range whose pressure measurp.s 6 mm in mercury.    The target assembly 
is seen in Figure 4.     The primary target -- the target into which the steel sphere 
impacts -- is seen at the bottom of the assembly.    Above the primary target is a 
steel box.     Within the box are windows through which the photomultiplicrs ob- 
serve the trails of the spray particles and the secondary target onto which the 
spray particles impact. 

The relative positions of various components of the target assembly can 
more readily be seen in Figure 5.    The leading edge of the primary target is lined 
up directly below the aperture into the box.    A few experimental shots at  URDC, 
correlated by the work of the  High Velocity Laboratory,   showed that the; .smallest 
spray and the fastest spray was ejected at nearly right angles to the line of travel 
of the primary particles.     Figure 6 shows the distribution of the spray.    The micro- 
particles are exclusive in the first five degrees of arc as measured out from the 
face of the target.     To take advantage of the highest, velocity particle it was nec- 
essary to lake care to be in the five degree region.     The spray from the primary 
impact must then pass through the liny aperture and in front of the photomultiplier 
slits before striking the secondary target. 

For the most reliable measurements exactly one spray particle should be 
admitted to the velocity and diameter measuring system.    This is obtained by ad- 
justing the entrance aperture by trial and error.     The most recent,   and apparently 
satisfactory,   entrance aperture is 0. 1  millimeter by 0. I  millimeter.    Spray part- 
icles enter every shot and occasionally only single or separable doubles pass. 

The secondary target is presently 24ST aluminum.     The surface is polished 
on the buffing wheel with 600 grit silii on carbide.     A higher polish is.   of course, 
possible,   but experience has shown thai the extra effort is not worth the  results 
on this grade aluminum.     The target is mounted in a target holder (Fig.   7)  which 
can be accurately returned to the same spot for each successive shot.     This 
facilitates the locating of the spray particle impact area under' the microscope. 
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Figure 4 
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Figure  7 
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The microscope used to study and measure the spray particle craters is 
a Unitron,   Model HU-11 metallograph microscope.    Although the microscope 
itself has provision for taking photographs it was found more convenient to photo- 
graph the craters through the eye-piece.     The scale on all pictures shown is 2. 5 
microns/scale division. 

Two velocity measuring systems are required.    The first measures the 
lime of flight of the primary (steel sphere) pellet from the gun muzzle to the 
impact on the primary target.     The pho'tomultiplicr which sees the impact sends 
a signal which both marks the arrival on the primary velocity oscilloscope and 
triggers the sweep for the spray velocity oscilloscope.     The photomultipliers see 
the spray particle as it successively passes in front of each slit and strikes the 
secondary target.     The signal from each cell is recorded on the scope trace and 
photographed.     The oscilloscopes are calibrated for sweep synchronization with 
a Tektronix time mark generator. 

Drag Theory: 

In this work the particle diameters have been determined from the rate 
at winch particles  lose velocity.     The smaller the spray particle the more  rapidly 
ii will slow down from friction with the atmosphere.    Air molecule collisions with 
fast metal objects are not perfectly elastic.    Some energy appeal's as heat in the 
metal.    The size of this fraction is of some interest but is not at present accurately 
known.     Rough calculations indicate that spray particles having an initial velocity 
around 10 km/sec: are melted quickly but evaporation docs not change their diam- 
eters seriously while they traverse the apparatus.     Liquid drops are accurately 
spherical under the conditions of interest,   surface.' tension forces greatly exceeding 
the drag forces.    Spray particles arc normally much smaller than the moan fret' 
path of molecules in the gas through which they are passing.     The spray particle 
velocity is high compared to the random molecular motion.     Drag on the spray 
partiiM.es is then due to repeated collisions with stationary gas molecules.     It can 
be  reliably computed and for a sphere is equal to the cross-sectional area tunes 

p v-  where'   p   is the density of the gas and    v    the spray particle velocity. 

In differential equations the  rate at which the spray particle decelerates  is 

2 2 2 
d   x/dt       =    Mdx/dU 

then upon integrating 

x =  (l/k)l n (1   '  kV  t) 

Three  (x,   ;) points furnisn sufficient information to calculate the initial 
velocity    V     and the deceleration factor,     k.     From    k    and the free  moleciile drat; o ^ 
theory the particle diameter can be calculated. 

Inertia  forces,   equation stale pressures,   and  material  strength forces 
scale linearly;    that is,   < rater formation is influenced by these forces only.      The 
ratio of i rater dimension to pellet dimension is independent of pellet size.     On the 
otliei   luiid.   viscous  forces Scale m such a way that their influence mi reuses  for 

558 



SPRAY PARTICLE TECHNIQUE 

smaller apparata.    Consider a sphere moving through a viscous fluid,   by Stokes 

law the drag force on it is 

Drag force = 6 JT r ») V 

r = sphere radius 
1 - fluid viscosity 
\' = sphere velocity 

Dividing by the sphere mass,    4/3* r   p  .   the deceleration is 

d V ^ . 9   jn V 
d t 2    /»r- 

integrating it is found that the range of the sphere is 

2Vo Pr2 
range 

9v 

It follows that the ratio of the range to the sphere radius is directly proportional 
to the radius.     The impact case of a deformable pellet penetrating metal is  more 
complicated than that of a sphere of constant dimensions penetrating a viscous 
fluid,   but in a general way the same scaling laws should apply,     if a cenlimeter- 
size pellet is stopped By viscous forces in about 10 radii,   a micron-size pellet 
should be stopped in 10'-' radii leaving practically no crater at all.     Put another 
way,   if viscous forces are significant for an impact of an ordinary centimeter- 

size pellet they should be overwhelmingly dominant in the micron-size range. 

Data and Conclusions: 

The data plotted in Kiguie <! was taken from steel-aluminum daia by 
(4) 

Johnson  ('■'•) ami others a:  the High Velocity Laboratory and from the Kineki 

data as reported at the  fourth Hypervelocity Symposium.    Johnson ami '■nmr.iany 
were firing 3/l()-in   h «teel spheres  into aluminum while Kineke fired flat steel 
disi s off tin- face of explosives into aluminum      The Kineke data was  modified by 

jssuming the discs to be spheres of equivalent mass. 

The' diameter of the crater in the daia  reported from  ÜHDC is .sub|ecl  lo 
possible error.     I;  is often difficult to determine the diameter a\ tin.' surface ul 
the original  metal because the lips rise so much higher and the crater sides arc 
alnuis;   vertical  at     ground     level.     ('rater diameters  were  meas ired  from     blown- 
;io    photographs as shown  in  Kigun   2.     It  is possible that mure care should  be 

' aken i n the fut m e  to phot ograph the  crate j   while fo( using tlie  mn rosi (jpe at 
(j M>urd     1 e ve,  rather than on 'he ■. e rv [ihot ogenic   lips. 

file  ratio l)/d  is  'he  |-atio ot  the i rater diameter  to the impac 'mg sphere 
diameter       I'   shuuM (>.■ noted 'hat  if the Kineke pro lectiles hit   in sin h a way that 
the;,   presented a d.ametei- to '.he  'ai'get   that  was smaller 'nan  the eq uvalent 

sphere diameter the [lomts would move upward on the graph. 
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These data (Fig.   8) indicate the ratio of crater diameter to pellet diameter 
is about the same for a given velocity foi  pellets in the centimeter and micron-siz« 
ranges.    The crater shapes are not conspicuously differ-.Tit.     We conclude thai the 
effect of viscous forces is small in the micron-size ranges.     One to the scaling 
laws,   the  effect of viscous forces must  then be completely negligible for pellets 
in the centimeter-size range and the neglect of viscous forces in the  Bjork^5) 
cratering theory is justified.     We further conclude that damage to a space vein, k- 
due to projectiles of large mass at high velocity may be predicted by scaling 
linearly from phenomena observed m spray particle impact. 
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CHAIRMAN'S REMARKS 

I would Like to address  my opening remarks to this  Experimental 
Session from the standpoint of the organization for which J work,   the National 
Aeronautics and Space Administration.    In the space program,   there are a 
variety of areas where the hypervelocity field is of fundamental interest. 
These include;    hypervelocity interactions of a projectile with gas;    hyper- 
velocity impacts on surfaces as the moon and space vehicles;    the meteoritic 
environment for reliability in space missions:    and some fundamental aspects 
of the scientific exploration of the solar system,   particularly the nature of 
matter in the interplanetary space. 

Although the re-entry problem for ICBM development has been solved, 
an extension of this problem area is required for entry into planetary atmos- 
pheres at velocities greater than escape velocity.    The interaction of a probe 
upon entry into the atmospheres of Mars and Venus must be understood in 
order to obtain measurements of these planetary atmospheres and to land 
instrumentation on the planetary »arfaces. 

In the  lunar program,   it is expected that within the next two or three 
years instrumentation will be soft-landed on a  lunar surface,   and within the 
decade,   it may be possible to send men to the moon and return them to the 
earth.    The lunar- surface represents a unique sample of material exposed to 
the space environment and unaffected by the telluric erosion processes from 
an atmosphere and water.    The surface has been bombarded by meteoroids for' 
millions of years and the signature of the craters thus formed may soon be 
examined in detail.     We would like to know the effects of the meleoroid bom- 
bardment on the lunar surface,   the degree of formation of dust,   the effects of 
spallation,   the crater shapes at impact velocities up to 7U km per/sec, and 
whether a meteoritic material may be recovered from the  lunar surface.     For 
such an investigation,   extended theories and experiments on hypervelocity 
cratering is important in order to delineate the evolutionary variations of tin- 
lunar surface and its geological history. 

The meteorite environment is also of importance for space missions 
particularly for manned space flight  and for missions to the planets.     There is 
concern about the reliability of storage of liquid fuels for extended flights, 
concern for the design parameters of radiators of large areas  to be used in 
conjunction with nuclear power soun es for propulsion;    and,   concern for the 
safely of a crew on extended flights.     Based on available- information of the 
meteoritic environment,   the data on band is presently insufficient for proper- 
evaluation of design parameters.     Not only is the knowledge of cratering effects 
at impact velocities up to TO km of limited value,   but  also the knowledge of dam- 
age to thin targets and the effects of ( ratering by cometary particles of low 
density (u. 1  grains per  < ■) not  well known. 
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Hypervelocity impact studies are important also in the scientific explora- 
tion of the solar system,  particularly with the study of interplanetary matter by 
direct measurements,   i. e. ,   cosmic dust,   meteoroids,  asteroids,  and comets. 
In these direct measurements, the interaction of the particles with the sensors 
again occur at velocities up to 80 km per/sec.    The physics of the impact effects, 
particularly in translating any measurements from the sensors to the under- 
standing of the particle mass,   velocity,  and structure,   is exclusively tied to 
our knowledge of the hypervelocity-impact physics.    The astrophysical signifi- 
cance of such studies is apparent as a basis for understanding the origin of 
comets and stellar bodies.   The value of such measurements is therefore re- 
lated to the understanding of hypervelocity impact phenomena. 

Thus,  for a number of space-age problems,  the study of hypervelocity 
effects indicated that theoretical and experimental work for the exploration of 
the solar system should be extended to velocities ranging close to 100 km per/sec. 
The studies of space environment are of immediate interest and should be con- 
tinued to delineate the probability of impact and Llie hypervelocity studies are 
important in determining the methods of designing space vehicles for this 
environment. 
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AN EXPEKIMKNTAL INVESTIGATION OF SINGLE 

ALUMINUM "METEOR BUMPERS" 

Don Humes,   R.   N.   Hopko,   and William H.   Kinard 

NASA Langley Research Center 
Langley Air Force Base,   Virginia 

INTRODUCTION 

Man and machine are now traveling in a new environment -- space. 
Meteoroids are part of this environment and thus pose a potential hazard to the 
space traveler.     Considerable research effort is being directed to define this 
hazard.     If it is discovered that meteoroids pose a serious hazard to space 
vehicles,   means of reducing the hazard must be found.    Several fabrication 
techniques to reduce the damage from meteoroid impacts are presently being 
studied.    This report describes an investigation of one fabrication technique 
which utilizes a "Meteor Bumper",   first proposed by Fred Whipple as a means 
of reducing impact damage.     Figure 1 illustrates the meteor bumper which is 
simply a thin shield placed a short distance in front of the  main structural wall. 
It is envisioned that meteoroids would be fragmented and/or vaporized upon 
impacting the bumper and the  resulting debris dispersed over a large area of 
the mam wall. 

SCOPE OF THE  PRESENT INVESTIGATION 

In this investigation,   the bumper shield thickness and the spacing between 
the bumper shield and the main structural wall have been varied.    The bumper 
shields were 2024-T3 aluminum alloy and varied in thickness from 0. 016 to 4. 0 
projectile diameters.     The  main walls were all 2024-T4  aluminum alloy. 

In order to efficiently study the effectiveness of the various bumper shields, 
'he main structural  walls were all thick enough to be considered quasi-infinite. 

The  spacing between the bumper shield and the main walls varied from zero 
to '.'■(', projectile diameters.     The projectiles used  in obtaining penetration data were 
0. 1H)25-incn-diameter copper spheres and were saboted during firings from both 
powder guns and  light gas  guns.     Several U. 22(J-uu h-dia meter aluminum spheres 
■.sere fired to obtain photographic data.     The bumper- targets  imiiai ted  by pruje( - 
tiles fired fron, the light gas guns were contained in an eva( uated test chamber 
while  impai led.     The- targets  impacted by piojectiles  fired from  the- powder guns 
were mounted  in an open range.     Instrumentation was employed to measure the 
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Figure  1.    Sketch of meteor bumper configuration. 
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SINGLE ALUMINUM "METEOR BUMPERS" 

velocity of the projectiles and to establish that the projectiles were launched 
undamaged and separated from the sabots before impacting the targets. 

DISCUSSION OF THE RESULTS 

Effect of impact velocity.    The effect of projectiles impacting bumper shields 
at various impact velocities is shown in Figure 2.    This figure shows photographs of 
0. 22-inch-diameter aluminum spheres after penetrating 1/8-inch-thick aluminum 
bumpers at impact velocities of 2,700,   4, GOO,   7,300,   and 13,400 feet per second. 
At the impact velocity of 2, 780 ft/sec the projectile wnich probably is the leading 
large fragment is essentially intact suffering only a slight deformation.    One plug 
punched from the bumper can be seen following the projectile and a small ring of 
metal is visible just being spalled away from the bumper.    When the impact velocity 
was increased to 4, 800 ft/sec the projectile appears to be fractured in several large 
fragments which are remaining close together in a roughly small spherical pattern. 
Behind the projectile fragments can be seen a cone of bumper fragments.    When the 
impact velocity was further increased to 7, 250 ft/sec the projectile fragmented into 
smaller fragments which spread out such that they are indistinguishable from the 
fragments from the bumper.     At the highest impact velocity of 13,400 ft/sec an 
expanding elliptical cloud of very small fragments was found. 

The total measured penetration observed in a bumper protected   wall combi- 
nation at varying impact velocities is illustrated in Figure 3.     The total penetration 
which is t.he bumper- thickness penetrated plus the penetration in the main target is 
plotted on the Ordinate with the impact velocity plotted on the abscissa.     Plotted for 
comparison purposes are the penetrations achieved at identical impact velocities 
in quasi-infinite targets with no bumper shields.    The thickness of the bumper- shields 
used were all one-half the diameter- of the impacting projectiles. 

it can be noted that the penetration into the unprotected quasi-infinite targets 
increased with increasing impact velocities for the entire velocity range observed. 
In the low velocity range,   the penetration into the bumper protected targets also 
increased with increasing impart velocities up to a velocity of about 6,000 ft/sec. 
At this velocity the penetration appears to reach a maximum value and as the  unpael 
velocities are further increased the penetration decreases. 

Examination of the data shown in Figure 3 in lire  low velocity range shows that 
at these impact velocities the bumper shields were ineffective in reducing the pene- 
tration.     In fa< t the projectiles penetrated deeper in the bumper protected targets 
than in the unprotected targets.     This greater penetration in the bumper targets was 
due to the fact that less projectile momentum or energy was reouired K, penetrate the 
bumper shield than was  required to penetrate an equal depth in the quasi-infinite tar- 
gets.    'This fact has been shown in Reference  1.   In the low velocity range the copper 
projectiles were  intact and essentially undeformed after penetrating the bumpoi 
shield as was the low velocity aluminum proji clile shown in  Figure 2. 

Penetration data of Figure 3 at impact velocities above  9, 000 fl/sei   shows that 
the bumpers were effe< tive m reducing the total penetration beb>w that obtained in the 
unprotected targets.     The copper projectiles were observed to begin   fragmenting 
during the penetration of the bumpers at impact veloi ily above 0,000 ft/sec,   almost 
twice the ■/elocity required to begin fragmenting the larger aluminum projectiles illus- 
trated m Figure 2. 
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The fragmentation of the higher velocity projectiles as they penetrated the 
bumper and the dispersion of the fragments over a large area of the main target 
accounts for the ability of the bumper shield at the higher impact velocities to reduce 
the penetration. 

In hypervelocity impacts the crater volumes are observed to he a function of 
the kinetic energy of the impacting projectiles.    In a bumper target system the energy 
is spread over a large area of the main target due to the projectile fragmentation and 
the dispersion of the fragments and there is a tendency to produce a very large diam- 
eter shallow crater rather than the usual hemispherical craters observed in unshielded 
targets.    If the distance between the bumper and the main target is sufficient,   many 
small individual craters are produced.    The small crater having the deepest pene- 
tration will be that one produced by the fragment having the greatest energy. 

The decrease in penetrations with increasing impact velocities shown in the 
high velocity range of Figure 3 results from an increase in the degree of projectile 
fragmentation which occurred at higher and higher impact velocities. 

The velocities of the particles resulting from the penetration of a bumper 
shield vary widely.    The measured velocities of the fastest fragments observed always 
increased with increasing impact velocities as shown in Figure 4.    The increased rate 
of projectile fragmon+ation with increasing impact velocities shown in Figure 2,   how- 
ever,  overshadowed the effects of the increasing fragment velocities and caused the 
penetration to decrease. 

If the fragment sizes and the fragment velocities continue to change at veloc- 
ities above 16,000 ft/sec as they have in the 9,000- to 16, 000-ft/sec range then it is 
possible that the penetration depths in bumper protected targets may decreasp and 
approach being equal only to the bumper thickness.     If this trend be correct then it 
appears that possibly the maximum impact penetration damage to a shield protected 
wall may result from particles impacting at rather low velocities. 

Effect of bumper spacing.    The effects of the spacing between the bumper 
shield and the main wall are illustrated in Figure 5.     This figure is a plot of the total 
penetration as a function of shield standoff. 

It can bo seen that at impact velocities up to about 9,000 ft/sec the penetrations 
were not affected by standoff.    In this velocity range as has been mentioned the pro- 
jectiles remained intacj. after penetrating the bumper.     At impact velocities above 
9,000 ft/sec in which cases the projectiles were fragmented by the bumper the pene- 
trations were observed to decrease with increasing standoff up to a point beyond 
which additional increases in the standoff had no further effect.    The decrease in 
the penetration observed as the standoff distance was increased up to about 40 times 
the projectile diameter occurred as the result of the greater dispersion of the frag- 
ments and consequently the reduced number of compound craters formed.    The com- 
pound craters are those craters formed by two or more fragments impacting on (li- 
near the same location and consequently influencing the penetration depth of each 
other. 

A typical dispersion pattern of fragments is illustrated in Figure fi which 
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Figure 4.     Maximum fragment velocities observed at varying projectile 
impact velocities. 
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Figure 5.     Effect of bumper standoff distance on penetration at varying 
impact velocities. 
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SINGLE ALUMINUM  "METEOR BUMPERS' 

shows a series of sequence photographs at varying times of a 0. 22 ^inch-diameter 
aluminum sphere after penetrating a 1/8-inch-thick aluminum bumper.    The im- 
pact velocity in this case was 13. 400 ft/sec.    The two vertical lines visible in the 
photographs behind the bumper are reference marks and are out of the plane of 
the projectile track.    Once the standoff was sufficient to essentially eliminate 
any compound cratering,   further increases in the standoff had no effect on the 
penetration. 

Also indicated in Figure 5 is the apparent necessity for the bumper stand- 
off to be at least eight times the diameter of the impacting projectiles for a maxi- 
mum p  netration depth to be obtained such as observed in Figure 1.    At standoff 
distances below about 8 projectile diameters the penetration appears to always 
increase with increasing the impact velocity.    When the standoff distance was 
greater than about 8 projectile diameters the maximum penetration was obtained 
at an impact velocity of 9.000 ft/sec and this maximum penetration was not in- 
fluenced by the exact standoff distance.    This fact may indicate that relatively 
short standoff distances will be sufficient to limit meteoroid penetrations of 
spacecraft.     However,   there are other factors to consider which may govern 
the required spacings between bumpers and main structural walls.     Two such 
factors are the possibility of the total pressure pulse generated by the impact of 
a cluster of bumper and impacting particle fragments being sufficient to bend the 
main wall and produce a crack or to produce a spall from the back surface of the 
main wall.     To reduce these types of damage considerably greater spacings may 
be required than those just sufficient to limit the penetration. 

The effect of bumper shield thickness.     Figure 7 shows the variations of 
penetration with impact velocity into six target arrangements that varied only in 
bumper thickness.     The bumper thicknesses in curves  (a) through (1)  of Figure 6 
were 0. 16,   0. 25,   0. 50,   1.0,   2, 0,   and 4. 0 projectile diameters,   respectively. 
In curve (a) the penetration increased throughout most of the velocity range of 
the data reaching a penetration depth of about three projectile diameters at an 
impact velocity of 11 . U00 ft/sec.     The very thin bumper shields used in these 
targets were unable,   in the velocity range investigated,   to fragment the projec- 
tiles sufficiently to reduce the penetration depths. 

In the (b) curve of Figure 7 the penetration increased to an observed 
maximum of slightly  less than three projectile diameters at a velocity,of 10,000 
ft/sec then decreased with additional increases  in velocity until a velocity of 
about  12,000 ft/sec was reached at which point the penetrations again began to 
increase with still  further velocity increases.     The fastest impact velocity on' 
these bumper shielus which was in excess of 15,000 ft/sec still failed to frag- 
ment the projectiles to the degree necessary to cause the penetration depths to 
diminish with increasing impact velocities.     The dip occurring at impact veloc- 
ities slightly greater- than  10.000 ft/sec-  results  from the start of fragmentation. 
In curves  (c) and (d) the bumper- thickness  was sufficient to permit extreme 
fragmentation of the proje( tiles within the velocity range investigated.     Moth of 
these curves follow the same general trends observed in  Figure '.', with an 
apparent maximum penetration of about 2-1/4 projectile diameters being ob- 
tained at an impact velocity of about 8, 000 ft/sec. 

In curve  (e) the largest portion of -he total penetration observed from each 
impact was in the bumper shield due to its thickness,    At velocities above 10,000 
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ft/sec the penetrations observed appear to be remaining very nearly constant 
with further velocity increases at a maximum value of 2. 75 projectile diameters. 

In curve (f) the impact velocities investigated were not sufficient to per- 
mit the complete penetration of the bumper shields.    The penetration depth in 
the bumper shields increased with increasing impact velocities reaching a value 
of about 3. 75 projectile diameters at the maximum impact velocity obtained. 

By observing the maximum penetrations obtained with the varying bumper 
shield thicknesses shown in Figure 7,   an indication of the most effective bumper 
thickness can be obtained.     Figure 8 is a plot of the maximum penetrations ob- 
served in Figure 7 as a function of the thickness of the bumper shields.    The 
maximum penetrations taken from curves (c),   (d),  and (e) of Figure 7 are felt 
to be probably the maximum penetration that can be obtained with the respective 
target arrangements used;   in curves (a),   (b),  and (f) the maximum penetrations 
were not established,     it was established,   however,   that these maximum values 
will be at least equal to or greater than the maximum penetrations obtained during 
these tests. 

The bumper shield thickness investigated v/hich provided the greatest 
protection appears to be about one-half the projectile diameter. 

As mentioned before,  all of the back main walls of the target arrange- 
ments used in this investigation were thick enough to be considered quasi-infinite. 
Designers of spacecraft are interested in the minimum finite thickness of material 
required to defeat impacting projectiles or meteoroids.    Calculations were made 
to determine the total finite thickness of material required in a bumper and mam 
back  ,vall structure to just defeat the projectiles used in this investigation.     The 
results of Reference 1  were used in making these calculations which indicated 
that finite plates  1. 5 times the penetration depths observed in quasi-infinite tar- 
gets are required to just defeat the projectiles.    The results of these calculations 
are shown in Figure 9 which is a plot of the total thickness of material required 
to defeat the impacting projectiles on the ordinate and the bumper thickness plotted 
on the abscissa.    It can be seen that the minimum thickness of  material required 
to defeat the projectiles is about three projectile diameters with the bumper shield 
thickness equal  to the projectile diameter.     This means the main wall  thickness 
must be twice the projectile diameter in order for the total of the bumper and the 
wall thickness to be equal to the value of three projectile diameters.     It also 
should be noted in Figure 9 that varying the bumper thickness by plus oi   minus 
a factor of two produces results whi( h are almost equally effective. 

The curves shown in  Figures 8 and  '.) are for the particular materials used 
in this investigation.    It is,   however,   felt that the trends observed will also be ob- 
served for the cases of meteoroid impacts against any materials used in bumper 
and main wails of spai ecraft.     It is therefore felt  that they can be extremely useful 
as a guide in designing spate stnu lures for penetration protection. 

Concluding  remarks.     Results of this  "Meteor  [jumper    investigation have 
indicated that impact damage from high velocity particles can be greatly reduced 
by using a properly selected bumper shield.     With such properly selected shields 
the penetration damage on bumper protected wall combinations was observed to 
be limited to a maximum value which occurred at relatively low impact velocities. 
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Figure 7-- Effect of bumper thickness on the variation of total penetration with impact velocity 
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Figure 7 continued.    Effect of bumper thickness on the variation of total penetration 
with impact velocity. 
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Figure 9.     Effect of bumper thickness on the minimum material required 
to defeat projectile. 
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The bumpers were observed to be effective only if they are spaced greater than 
8 projectile diameters in front of the back wall.    Standoff distances greater than 
this may be necessary to limit bending or spalling of the back wall;   however,   they 
will not reduce the maximum penetration that can be achieved in the bumper pro- 
tected wall. 

The optimum design for the conditions of this investigation to defeat the 
projectiles used was found to be a bumper shield equal to the diameter of the 
impacting projectiles,   a standoff of 8 projectile diameters or greater,   and a 
back main wall equal to twice the diameter of the impacting projectiles and also 
equal to twice the thickness of the bumper shield. 
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THE PERFORATION OF THIN PLATES BY HIGH VELOCITY FRAGMENTS 

R.   W.   Watson 

Carnegie Institute of Technology 
Pittsburgh,  Pennsylvania 

INTRODUCTION 

Since its inception, the major effort in the hypervelocity research field 
has been directed toward the solution of the problem of cratermg in semi  infinite 
targets.     However,   the impact failure of thin targets,   particularly the light struc- 
tural alloys,   has become an increasingly urgent problem.     For the past year and 
a half our research group has been engaged in an extensive experimental program 
to determine the parameters governing the failure of thin plates under the impact 
of high velocity fragments.    A wide variety of experiments have been completed. 
The results of several of these investigations have led to the formulation of a 
simple model that adequately describes certain aspects of the perforation phe- 
nomena.    It is the purpose of this paper to describe these experiments and to 
discuss this theoretical model. 

EXPERIMENTAL STUDIES 

Fragment Projector 

A precision fragment projector is essential in any hypervelocity study. 
Variations in sinking velocity and delivered mass complicate the analysis of the 
experimental data obtained in impact tests.     For this reason a serious develop- 
mental effort was made to obtain a high quality fragment projector.     The final 
design,   which yields a fragment having    a velocity in excess of 3 km/se< , i* shown 
in  Figure 1.     The charge is Composition B (60 % KUX and 40 % TNT),   5 Inches long 
and l_5/8 inches in diameter.    It is initiated by a 1 5/8-inch-diameter by 1/2-inch- 
thick tetryi booster used in conjunction with a No.   8 electric detonator.    The charge 
is cast di-rectly on the,steel surround containing the fragment, a Ketos steel cyl- 
inder 1 / ! d inch in diameter and 1/16 inch lung,    fhis compact fragment geometry 
was selected to minimize the eftects of fragment tumbling on the outcome of im- 
pact sxpenments. 

in experimental tests the fragment is usually projected through a  l-inch- 
thick baffle plate containing a  l-mch diameter   hole..    Experience has shown that 
a 6-inch standoff is adequate tor' dispersion of the tapered steel surround.    Ex- 
tensive velocity measurements and recovery experiments showed thai the pro- 
jector produced single Iragments having an average velocity of 3170 1    20 m/sec 
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and a delivered mass of 0.0230 - 0.0005 grams;    the original fragment mass 
was 0. 0234 i_ 0. 0002 grams.     Close range flash radiographic studies indicated 
that the fragment was not apprc-ciably deformed during the acceleration period. 

Recovery Experiments 

An experimental study was made to determine the composition of the 
material ejected from the back surface of thin plates during the perforation pro- 
cess.     For this purpose various thicknesses of aluminum and magnpsium alloys 
were securely attached to a water collection pot and impacted with 3170 m/sec 
fragments.     Care was taken to assure that only the material projected through 
or spalled from the back surface of the plate was collected.     The collected  ma- 
terial was then chemically analyzed for steel content.     The result of these tests, 
shown in Figure 2,   show that within experimental error,   all of the impacting 
fragment mass is projected through the target whenever complete perforation 
takes place. 

Residual Velocity Measurements 

Visual inspection of the material collected in the recovery experiments 
indicated that the fragment perforated the thinner targets  (1/16 inch) without 
undergoing serious deformation.    As a result of this observation an extensive 
flash radiographic program aimed at determining emerging fragment velocity 
as a function of target thickness was initiated.    The experimental arrangement 
used in this investigation is depicted in Figure 3.    The two delay networks are 
adjusted in a manner that allows the fragment to be viewed at a sufficient dis- 
tance behind the perforated plate to permit accurate distance measurements. 
Time  measurements were accomplished by recording the interval between the 
luminous flash occurring at impact and the x-ray burst.     A typical timing trace 
is shown m  Figure 4 along with a radiograph showing a fragment 110  p.   sec 
after impact.    The two vertical strips on either side of the radiograph correspond 
to aluminum and steel wedges attached to the film cassette;    these wedges assist 
in identifying the material revealed in the  radiographs.    The individual results 
of this series of tests are presented in Table I.    The spread in the data obtained 
under a given set of experimental conditions is greater than anticipated on the 
basis wf variation in impacting fragment mass or velocity.     Thi« probably can 
be attributed to either minor variations in fragment  orientation at impact, or to 
small differences in the physical properties of the target materials. 

THEORY AM) DISCUSSION 

At an impact velocity of 3110 m/sec the initial dynamic pressure far 
exceeds Liie ordinary yield strength of the target materials used in this study and 
is,  in fact,   several times the yield strength of the impai ting fragment.     However, 
the  impact phenomena described here cannot be entirely ascribed to fluid  impact 
where both the largel and  impacting body are treated as fluids.      ■       The  mass 
recovery experiments and the radiographic investigation support  tins contention, 
in addition,   the craters produ'ed in semi-infinite targets of the various alloys 
investigated,   .inlike the hemispherical  • raters which, are charactensti'   of pure 
fiuid in'.pa< I,   were deep and narrow and m many instances the fragment remains 
were found embedded  in the ( rater bottom.     If it  is assumed that the perforation 
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process is completed before any marked radial expansion of the impacting frag- 
ment can take place the following simple analysis can be made. 

Table I.    Residual fragment velocity as a function of target thickness for a 3170 
m/sec, 0.023 gm steel fragment perforating various light weight alloys. 

Target Thickness Residual Velocity 
(in.) (m/i iec) 

2S-0 
(Aluminum) 

173-0 
(Aluminum) 

2024-T3 
(Aluminum) 

AZ51X,B90-li6T 
(Magnesium) 

1/16 2566 
2U69 
2566 
2U00 
26UO 

25ao 
2525 
256Ö 
26514 
2567 

2358 
2185 
25145 
2338 
2U87 

2688 
2728 
2725 
270li 
27Ö3 

Average      2528 2569 2392 2725 

1/8 19J5 1810 1579 2185 
2056 1828 1800 1935 
1558 1370 17 9U 2150 
1917 1757 1366 2060 
2000 16^8 1609 — 

Average      1893 1722 1629 2082 

3/16 

1/1. 

1220 856 602 1985 
111Ü 999 795 151*1 
1275 1010 723 1672 
981 1U33 63U 1371 
1070 1102 573 I62I4 
-- ~ - 1660 

Average  1132 1030 665 16U2 

916   . 978 
622 — - 966 
507 -- - 972 
350 -- - 1073 
1;05 — - 920 

Average >60 931 

Treating the target as an incompressible fluid,   its resistance to penetration 
can be expressed as 

■; 

p       1/2 P t z      •    k (i) 

where   p.   is the target density and  z    is the instantaneous fragment velocity. 

This expression and variations of it have been used in a variety of penetration 
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theories. ^•4   The term   1/2 Pj z2       is the stagnation pressure and represents 
the inertial resistance of the target;   the factor k    accounts for the strength effects 
of the target in resisting deformation.    The equation of motion of the fragment then 
becomes 

mf z   =   - ( 1/2 0t Af z2   +   k Af) (2) 

where 

mr      = fragment mass    - . 0234 grn 
pj.      = target density    = 2. 7 gm/cm 
Af     = fragment cross section (assumed constant)   = 

initial fragment area   =   2.0"   10       cm 
z      = instantaneous depth in target measured from 

the surface of the target 

Since the radiographic data give z      as a function of  z     the substitution   z      =    z 
dz 
dz considerably simpLifies the treatment of Equation (2).    On making this 

substitution the equation of motion is integrated once to give 

p\Ar              -2               k At                                          - PtAf ^ t   f z t   
z 

1/2  +        —zrr     =    Constant   •    e m (3) 
mj- "if f 

The constant of integration can be evaluated from the condition that when z = 0   , 
z  -   v0        .   the initial fragment velocity.     Equation (3) then reduces to 

.       t    f    Z / rt    f    z 
2k       ( mf , ] 

z*    --   vo* e ' ^  -^     le - 1 | (4) 

The strength term    k  "an be evaluated from the final condition that when   /.      0 
z - P ,   the maxiriiuni value of penetration observed in semi-infinite targets of 

the material  under consideration.     This method was used to calculate residual 
fragment velocity as a function of target   thickness for the various materials tested. 
1'he results of the calculations,   represented by smooth-curves,  arc shown in Figure 
5 along with the measured values :■.■.. n in Table I.   As can be seen,   agreement be- 
tween theory and experiment is quite ,■ md.     It should he pointed out,   however,   'hat 
the method of evaluating the strength !a   ■   > . coupled with the form of Equation (4) 
assures a reasonably good fit.     iS'everthei- . ■     the model described here does have 
some salient features (if considerable inlere 'hey can be summarized briefly 
as follows; 

(i)      The values of the Strength factor',      k    ,   call ulated  from  Equation  (4) 
are considerably in excess of the handbook varies of static strength 
for all of the •".aterials tested.     The calculate'-l val K-H were 3. 37, 
4. 86,   (i. 50,   and 4. 92 all  tunes  10       dynes/cm     respc. lively for  the 
2S-0,   the  17.S-0.   and the ?J)2A-'V:i aluminum alloys,   and  ;   ■   »he ASTM- 
AZ51X. BHÜ-46T roatfnesium alloy.    The static yield streriL'ti      f each 
of these materials is of the order of 1   -  2  ■    10 J dynes/( nr .     if the 
strength factor,   k    .   has any real physical  significance,   the mgh  v.icjes 
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observed here are probably due to an in increase strength associated 
with a high strain rate.     It is well knowr that the strength of most 
material increases markedly with increasing strain rate.    Rough 
estimates indicate that the strain rate involved here is in excess of 
10^ inches per inch per sec.    There are no data available in this 
region for direct comparison purposes but dynamic tests at strain 
rates of 10^ -  10° inches per inch per sec show increases in strength 
of from 2 to 10 times the static strength for a variety of materials. 5.6, 7, 

s 1 ■■    I •     i —i 1  

\ 
V Aluminum I7S0  j 

- 
\ 

1 
1        " 

- 1 
El 
0I * <DI 
^1 

- 
dl 

\  .1! 
- 

\ 1 
0     O.I     0.2    03     0.4   0.5     0.6 

-i 1 r 

Mognatium Alloy-AZ SIX, 
s»       B90-46T i 

0     0.1      0.2    03     0.4    0.5   0.6    07      0     0!     0 2     0 3    0.4    0.5    0.6    0 7 
Target    Thickness - centimeters 

Fig   5     Residual   fragment velocity os   a   function of  forget thickness for a    0.023 gram 
fragment   having an  initial velocity of   3170   m/sec      The   data   points   represent 
the overage  of five  individual measurements.   The  smooth  curves   were   calculated 
from   theory 

(ii)        1 he appearance of the target density term in Equation  (4) seems to 
be essentially correct.    While the strengths of magnesium and alum- 
inum are comparable, their densities ate considerably diffetcnt,   and 
yet,   there- is equaiiv good agreement between theory and experiment 
fnr both materials. 
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(iii)        Since the fragment used in these studies had a fixed geometry and 
initial velocity a rigorous test of the general validity of Equation (4) 
could not be made.    However,   this equation can be rearranged to 
express  P   ,   the maximum penetration,   in terms of the target and 
fragment parameters.    In this form comparison with the work of 
other authors can be made.    The penetration formula is 

nif 
P t 2 

P   =  T^T      ln   <! +   TF-    Vo   ) (5) 

A series of experiments described by W.   Atkins at the Fourth Sym- 
posium on Hypervelocity Impact affords a particularly interesting 
comparison.    In his impact experiments the total depth of penetration 
in a variety of metals was determined as a function of impact velocity. 
The projectiles used were 1/4-inch-diameter tungsten carbide spheres 
having a mass of 2. 0 9 grams.    Among the target materials investigated 
was 11O0F aluminum,   a material having physical properties closely re- 
sembling those of 2S-0 aluminum.    The results of the penetration tests 
with this material are reproduced in Figure 6 along with a set of theo- 
retical curves computed from Equation (5) using various values of the 
strength factor,    k   ,   along with the parameter involved in the NRL 
experiments.   The lower curve was computed using the value of k 
determined from our results with 2S-0 aluminum.    As can be seen 
agreement between theory and experiment is very good at the higher 
impact velocities.    The upper curve was computed using the handbook 
value of the yield strength of aluminum.   The central curve was fitted 
to the data in the low velocity region by using a value of     k   computed 
from the data point at 1500 m/sec.    Taken together,   the results shown 
in Figure 6 indicate the value of k    is not truly constant for a given 
material but may represent a strength averaged over the entire pene- 
tration velocity spectrum.     This observation,   coupled with the current 
theories on the strength of metals,   suggests that the model described 
here might be useful in determining ifie propagation rate of defects in 
various  materials.  a    Experiments in this general area are currently 
in progress. 

liiii)      For historical accuracy,  it should be pointed out that Equation (5) is 
identical to a penetration formula derived by J,   V.   Poncelet m  l.'52y. d' 1" 
HJS formula,   originally tested at impact velocities of the order of 1000 
ft/sec,   expresses; the penetration in a given material as 

m 
-ij FIT In    (1   t  —     v0  ) (6) 

where 
m  =  mass of projectile 
A   = cross-sectioned area of the projectile 

v0   = initial velocity of the projectile 
The constants   a      and   b   ,   empirically determined from penetration 
studies,   can be identified with the target strength and density terms 
appearing in Equation (5).     To date,   this formula has been applied 
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*"0,.öMS 

K = 2.65x.O»^ 

K^rxK)'0-***§- 

"5055 5555 
Impact Velocity-meters /sec 

sfar 

Fig. 6 Penetration depth as a function of impact velocity for a I/4 in. 
diameter tungsten carbide sphere weighing 2,09 grams. The data points 
represent results obtained at NRL. The smooth curves were calculated 
from theory using various values of the strength constant. 
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v/ith some success to the case of armor penetration. 10 
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INTRODUCTION 

The increasing demand for information pertaining to the effects of hyper- 
velocity impact on targets of finite thickness has led to the following investigation 
of target perforation by a small, high velocity projectile.     The behavior of five 
different target materials, lead,   aluminum 2SO,   2024SÜ and 2024T-3,   and mag- 
nesium AZ51X.   B90-46T,   has been investigated at two angles of attack,   0 degrees 
and 6Ü degrees.    The projectile employed throughout is a 0. 024 gram sleel cylin- 
der,   projected at a velocity of 3. 2 km/sec.    The target materials varied in thick- 
ness,   ranging from Ü. 031  inch to    1.0 inch.     Graphs are presented which illustrate 
the following;    hole dimensions as functions of target thickness,   mass of spall as 
a function of target thickness,   and the spatial distribution of the spall fragments. 

EX P ERIM EN T AI. P ROC El) U K E 

Throughout this experiment,   I 5/8-inch by 5-inch cylinders of composition 
B (60 RDX/40TNT) were used to project the high velocity fragments.    The charges 
were initiated by 1  5/8-inch by 1/2-inch tetryl boosters,   used m conjunction with 
number 8 electric detonators.    A conical  steel surround,   which had a  1  5/8-inch 
diameter and  1 / 16-inch thickness with an apex angle of 175 degrees,   was fixed to 
the end of each charge'.    A cylindrical ketos steel projectile,   1/16 inch by  1 /1 (J 
inch was imbedded in the apex of the surround.    This yielded a  projectile velocity 
of 3. 11 T   0. 05 km/se<   and a muss of 0. 024  _ 0. 0005 grams. 

A typical shooting arrangement is shown in Figure 1.    The spall mass 
measurements were made by replacing the stand  m Figure  1  with an aluminum 
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A  STttL   ROO   IMBEOtD IN  WALL 

B   WOODEN    CHARCE   HOLDER 
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23.4 M« 

STEEL    BLAST   PLATE 

3" .   5"   TARGET 

STEEL   SHOOTING   STAND 

O.OOl"   2SO-ALUHINUU 
WITNESS    FOIL - IB" 1 IB" 

l/2"CELLOTEX -  18"« 18" 

FIG I - SKETCH OF SHOOTING APPARATUS EMPLOYED WHEN SHOOTINC, AT 60° OBLIQUITY 
FOR DISPERSI0C4 DATA, WHEN SHOOTING FOR RECOVERY DATA, THE STEEL S1ANU F 
WAS    REPLACED   BY   A   WATER   TANK   CONSTRUCTED    OF   ALUMINUM. 

PROJECTILE 

O 

a   -   ANGLE    OF ATTACK 

9  =   DISPERSION    ANGLE. 

il>  ■   POLAR    AZIMUTAL   ANGLE 

CN   ALUMINUM   WITNESS 

FOIL. 

V0 

X TARGET 

/iN 

0.001    AL   FOIL - 

4> ■ iso' * • o- 

FIG   2 -   ILLUSTRATION   OF   SHOOTING   SETUP 
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tank.    The target was rigidly fixed to the tank,   which was fiLled with water. 
The recovered material was weighed on an analytical balance, and the amount 
of projectile material present was determined by a chemical quantitative 
analysis. 

The spall distribution data are all based on fragments penetrating a 
0. 001  inch 2SO aluminum witness foil.   The foil was situated behind the target 
as shown in Figure L    After firing, the foil was marked in polar coordinates   r 
and   4   , and the number of perforations on each polar element of area was counted. 
In all cases,   the origin uf the polar coordinate system,   was taken directly below 
the point of impact;    i. e. , on the normal to the target,   through the point of impact. 
The areas described were projected back to the point of impact,   and the correspond- 
ing solid angles were determined.    The symbols used throughout,  are shown in Fig- 
ure 2. 

EXPERIMENTAL RESULTS 

The hole characteristics of aluminum 2SO, aluminum 24SO and lead at 0 
degrees obliquity can be seen graphically in Figures 3 and 4.    In Figure 3,   the 
ratio of the entrance diameter to diameter in an infinite target is plotted as a 
function of the ratio of the target thickness to penetration in an infinite target.   The 
graph illustrates, that within experimental error,  the curve emanates from a point 
corresponding to the dimensions of the projectile and rises to that of an infinite 
target,   when the target thickness is approximately   0. 6 Pc,   where  T^c   represents 
the penetration in an infinite target.    Figure 4 is a similar graph,  but for the 
exit diameters.    The curve is similar to that for the entrance diameters,   until 
0. 6 "PQ,  after which it diminishes to zero. 

Figures 5 and G are similar curves,  but for an angle of attack of 60 degrees. 
The results are essentially the same as those at   0   degrees. 

Associated with lead is a spall  phenomenon which does not occur in the 
stranger materials.    Figure 7 shows the spall diameter minus the exit diameter 
as a function of target thickness,   at   0   and 60 degrees obliquity. 

The mass of the target spall as a function of target thickness for two 
obliquities are shown in Figures 8-12.    All of the materials seem to maximize 

The total number of spall particles emerging from the back surface of 
the target as a function of target thickness is shown graphically in Figures  13-17. 

Figure 18 is a graphical representation of !.he per cent change in number 
of spall  fragments per change in solid angle,   as s function of solid angle,   for   0 
degrees obliquity.     The d;ita have been reduced to this state,   by assuming that 
the spall distribution is  independent of target thickness or material.    The assump- 
tion is based on previous  investigations with shaped charge jets.     This seems to 
be a valid assumption.     Al   Ü   degrees obliquity,   the pattern of spall has circular 
symmetry about an axis normal to the target,   and through the perforation. 

In order to determine the center of the dispersion pattern at 60 degrees 
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obliquity,   graphs of the per cent change in the number of spall fragments per 
change in azimuthal angle on the witness foil,   as a function of the azimuthai angle, 
have been drawn.     Assuming independence of thickness,   a reduced plot for alum- 
inum 2SO,   aluminum 2024SO and aluminum 2024 T-3 is shown in Figure  19.     It 
should be noted that   ♦   =  0 degrees is in the direction of the projectile trajectory. 
A similar plot for lead is shown in Figure 20.     It can be seen that,   once again. 
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120 

100 

2S0   AL 
• -0 = 0° 
O- a-60° 

— Pc= PENETRATION   IN AN INFINITE   TARGET, a = 0 

Pc = a = 60* 

Fig. 8 —Graph illustrating mass of target spall as a function of target thickness 
for ^-SÜ Al at 0 and 60° obliquity. 

lead differs,   in that the  areal density of spall hits is essentially ( onslant,   or if 
any maximum occurs,   it is at  ♦   »  180 degrees.    Employing the results of these 
graphs,   plots were made of the per cent of the number of spall fragments per 
solid angle as a function of solid angle,   within a given increment of the azimnhai 
angle.     For the three' aluminum alloys,   the increment was  -10°   >    ♦     >     10°, 
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and they are shown in  Figures 21  through 24.      This determines the angle about 
which circular symmetry of the spall occurs.     For the three aluminum alloys, 
this äAiS makes an angle of 50 to 55 degrees with the normal to the target and has 
the azimuthal direction   <t>   - 0.    Lead,   shown in Figure 26 is within an increment 
-(lO11 20   >     60  .   The  maximum for lead occurs very near the origin,   and is very 
similar to the  results at   0   degrees oblicjuity. 

CONCLUSION 

The spall and target damage data obtained from finite targets impacted 
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with a high velocity projectile indicates a similarity to that üccurring with 
shaped charge jets.     It is not yet conclusive however,   and depends heavily on 
the results of further investigations.    The investigations are continuing,   and 
will be completed in the near future,   at which time they will be reported. 
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PENETRATION OF THIN PLATES 

K.   N.   Kreyenhagen and L. Zernow 

Aerojet-General Corporation 
Downey,  California 

1 .    INTRODUCTION 

This paper discusses the process of penetration of thin plates by hyper- 
velocity projectiles.    In the experiments which will be described,  aluminum 
alloy plates of 0. 100-in.  thickness are impacted by one gram titanium projectiles 
at velocities of the order of 5 km/sec.    These conditions are in a regime where 
complete penetration easily occurs.    The results of these experiments suggest a 
general model for such impact and penetration phenomena. 

2.    IMPACT AT NORMAL OBLIQUITY 

Figure 1 is a series of photographs made by a rotating mirror framing 
camera  showing the impact of a 3/8-in.  dia by 1/8-in.   titanium disc of one gram 
mass at 5. 0 km/sec on a 0. 100-in.   thick plate of 2024-T6 aluminum alloy in air 
at approximately 1/50 atmosphere.    The camera was run at low speed to extend 
the time coverage -- hence the impacting projectile is smeared.     (The projectiles 
in all experiments which will be described were accelerated by an explosive 
cavity charge. )   As the disc penetrates,   a diverging pattern,   which might be 
called a penetration envelope,   is seen to emerge from the back side of the target 
plate. .  A luminous phenomenon occurs on the front surface of the plate. 

These processes are more easily understood by the use of flash radiog- 
raphy.     In Figure 2,   a series of x-rays is shown of the same general impact 
situation as was described for the framing camera test.    This series was  made 
by repetition of essentially identical tests.    In the second view,   taken shortly after 
impact,  a "splash" of very small particles from the face of the target plate is seen. 
This splash,   which involves considerable less material than is found with semi- 
infinite targets,   is apparently due at least partially to some form of jetting origi- 
nating as the surfaces come in contact.     The specific configuration of the initial 
portions of the splash is probably a function of the geometry of the impacting 
surfaces.     The velocity of the fastest visible splash particles in Figure 2 is about 
the same as the impact velocity. 

During penetration,   the projectile was fractured rather completely by the 
interactions of the impact-induced stress pulse with the free surfaces of the disc. 
At 4. 6 km/sec impact of titanium and aluminum,   this pressure is initially 640 
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kilobars.    The target material is also fractured.     From the back side of the plate 
emerges the envelope of these projectile and target fragments.    The heaviest 
visible fragments are seen grouped near the leading edge of this pattern.    The 
velocities diverge,   hence the pattern disperses -- in this case with an angle of 
about 30°.    Looking back at the target plate itself,   we can see chips of target^ 
material spailing or breaking off the edge of the new hole at relatively low veloci- 
ties on both sides of the target.    It is apparent by comparing the second and third 
views that the formation of the final dimensions of the hole is taking place long- 
after the initial penetration has occurred. 

3.    IMPACT AT 45° OBLIQUITY 

Figures 3 and 4 are framing camera and flash radiograph series showing 
the same impact situations as were considered above,   except that the impact 
angle is now 45°.     The general process of penetrating is the same as for normal 
(90°) impact-high velocity splash,   projectile and target breakup from impact, 
emergence of a diverging fragment pattern,  and fracture of the edges of the  new 
hole.     For 45° impact,   however,   both the splash and fragment envelope patterns 
are strongly skewed,   rather than symmetrical as in perpendicular impact.     The 
major portion of the splashing particles travel nurmal  tu the impact velocity. 
The fragment pattern on the back of the plate is deflected,   or refracted,  approxi- 
mately 25°. 

The radiographs in this slide again represent four separate replicate 
shots.     It is of interest to note that one large fragment of the projectile -- or 
perhaps of the target -- survived the impact and penetration processes in every 
test. 

4.     IMPACT AT 25° OBLIQUITY 

Again impacting one gram titanium discs at approximately 5 km/sec on 
0. 100-in.   aluminum,   Figures 5 and 6 show the effects of 25° obliquity.     The 
framing camera series in Figure 5 illustrates rather well the nature of the de- 
flected pattern of fragments emerging from the back of the target.     In the x-rays 
of 25° impact in Figure 6,   the same general modi; of penetration as was noted 
previously is retained,   but with very pronounced effects due to the severe obliquity 
being evident.     The splash particles now travel along the target surface      ()ne 
barely visible partii le is moving at nearly 7 kin/sec. 

:,.    A PROCESS  FOR THIN-PLATE PENETRATION 

Three separate phenomena are observed in the experiments which are 
illustrated above.     The first is splashing from the target surface,   which '(insists 
of tiny particles jetting out of the contact zone during the initial phase of impact. 
Thv-Kecond phenomenon is the breakup of the projectile and a portion of the tar- 
get plate,   with the resulting group of fragments emerging from the back of the 
target plate ;n a diverging pattern.     The third phenomenon,   which appears  (as  in 
the third view of Figure 2) to be distinct from the other two,   if the breaking off 
nf the edges of the newly formed hole into ( hips or small fragments which travel 
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outward slowly from both sides of the target plate.    Because of this edge fracture, 
the final dimensions of the hole are not established until many microseconds 
after the initial penetration has been completed. 

Since shearing action would be expected to eject these edge fragments 
towards the back of the target plate,   the symmetry of the slow moving group of 
fragments on both sides of the target plate suggests that a compression,   or shock 
wave,   rather than a shear wave,  is responsible for the enlargement of the hole 
to its final dimensions. 

With the exception of ehe early splashing phenomenon(which is probably 
due to non-ideal geometry during early impact) the penetration model suggested 
here for 5 km/sec impact conforms to the general pattern of the 20 km/sec 
case proposed during this Symposium in the numerical solution of Bjork and 
Olshaker. 

6.     MULTIPLE PLATE PENETRATION 

In the regime of target plate,   projectile,   and impact characteristics 
where the plate is easily penetrated and the projectile is fractured,  any sub- 
sequent target behind the initial plate will be impacted by a large number of 
small,   high velocity fragments.     The effect of these many fragments on the 
second target plate may be greater than that of the original projectile on the 
initial  target. 

Figure 7 is a series of radiographs taken of one test with a four-channel, 
sequential x-ray system.     The first two views are of a c;nc gram titanium disc 
before it impacts a 0. Iüü-in.   thick 2Ü14-T6 aluminum alloy plate at 4. 1   km/sec. 
The third view shows fragments of the projectile and target about ten inches 
behind the initial target.    The fourth view shows the same group of major 
fragments just prior to impacting a second,   similar target,   or witness plate. 

In the photos above tlie radiograph prints,   the two target plates are 
shown.    Simple penetration has occurred in the initial  plate.     Of the fragments 
which emerged from the back of this plate,   eleven penetrated the second plate 
which was spaced -!U   in.   away.     The three major holes can be correlated  with 
corresponding fragments in the third,   and perhaps in the fourth radiograph. 
The total area of the holes in this second plate is greater than the area of the 
single hole  in the first  plate.     This last observation is of some interest in 
designing "meteor bumpers" for space vehicles.     Under many impact  conditions, 
thin plate armoring may actually enhance damage to the defended thin plate 
öti uctui e. 

For exampU ,   Figure H shows the damage to a series of thin plates which 
had been arranged  in a parallel array,   with une-im h separation.     Note  thai the 
penetration hole in each succeeding plate gets larger.     This is not to say that 
spai ed armor or meteor bumpers are useless or harmful  -- but rather that such 
devices should be applied with caution to the defense of soft targets. 
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EXPE-KIMENTAL HYPERVELOCITY IMPACT CRATERS IN ROCK 

H.   J.   Moore and R.   V.   Lugn 

U. S.  Geological Survey 
Menlo Park, California 

D.  E.  Gault 

National Space and Aeronautics Administration 
Moffett Field,  California 

INTRODUCTION 

An experimental investigation of hypervelocity impact on rock is being 
conducted jointly by the Ames Research Center of the National Aeronautics and 
Space Administration and the U. S.   Geological Survey.    Projectiles are launched 
with light-gas guns at the Ballistics Range at Ames Research Center.    The craters 
and ejecta produced in these experiments are being studied by the U. S.   Geological 
Survey. 

The phenomena of impact on basalt,  sandstone,  dolomite,   and nephrite 
have been investigated.    Proiectiles weighing from 0. 02 to 0. 4 grams were ac- 
celerated to velocities of 4. 27 x 105 cm/sec (14,000 fps) to 7.28 x 105 cm/sec 
(23, 900 fps) with a light-gas gun using hydrogen as the propellant medium 
(Charters,   Denardo,   and Rossow,   1957).    Steel,   aluminum,   pyrex,   polyethylene, 
and some complex projectiles Wcic launched and impacted the targets normal 
and obliquely lo plane rock surfaces in an atmosphere of air with a nominal pres- 
sure of 25mm of mercury.    The metal and pyrex projectiles were mounted in 
supporting four-piece nylon sabots which guided the projectiles down the launch- 
ing tube.     After launch,   aerodynamic drag acted to separate the sabots from the 
projectiles.    Impact velocities were determined with time measurements and 
spark photographs of the projectiles in flight. 

Impact of projectiles of the size employed produced craters in the rock 
targets chiefly by ejection of fragments (Fig.   I).    Craters produced by about 20 
shots have been examined in detail.     The craters are small roughly conical de- 
pressions with crushed and intensely fractured rock at the bottoms of the depres- 
sions.    The ejecta are composed of pieces of the projectiles and rock fragments 
ranging in size from a few microns or less to several centimeters in maximum 
dimension.     In this paper the structural features of the craters are described and 
the mechanisms by which they are formed are inferred. 
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Figure 1 .   Pl-iotograph of crater and ejecta produced by impact of 0.588 
diameter polyethylene sphere at 5.08 km/sec in basalt.   Ejecta classified 
in logarithmic  size intervals. 
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CRATER MORPHOLOGY 

The typical craters produced are shallow inverted wide base cones approxi- 
mately 0. 6 to 2. 4 cm deep and 4 to 12 cm across (Fig.   2)   The outer margins of 
the craters are irregular in plan-view,  whereas the lower parts of the craters are 
generally more symmetrical.    In most cases,  gently sloping crater walls join 
smoothly with a concave, floor near the center of the crater.    The crater walls are 
rough and hummocky in detail,  and local reversals of slope are commonly present. 
Rises and depressions and,  in some cases,  cone-shaped protuberances occur on 
the floors of the craters (Fig.   2).    Atypical crater shapes are occasionally pro- 
duced,  such as one crater in sandstone which has a stem-like extension and 
resembles a thick-stemmed sherbet glass (Fig.  3). 

CRATER STRUCTURE 

Crushed rock and a variety of fractures are produced in the target blocks 
by impact.    Fractures formed in response to several different conditions of stress 
can be recognized and,  for convenience of discussion,  may be classified as follows: 
(1)   shear fractures,    (2)   radial fractures,    (3) spall fractures,  and   (4)   concen- 
tric fractures. 

Ci ushed rock.    Crushed rock occurs on the floors of all craters Figs 1, 
2,  and 3).    In the crashed rock,  individual mineral grains are broken and displaced 
and some are pulverized.    The separation between microscopic fractures increases 
and the number cf pulverized grains decreases rapidly from the crater floor into 
the target block.    In porous granular rocks,  such as sandstone,  the pore spaces 
are closed up and the many grains are pulverized,  whereas,  in dense non-porous 
rocks with interlocking crystals,  unbroken polyhedra are formed which are en- 
closed in a matrix of crushed rock. 

Shear fractures.    Shear fractures occur in the floors of some craters 
(Fig.   2).    The surfaces formed by shear fractures are smooth and may be identi- 
fied by the presence of grooves and striae.    The grooves and striae are oriented 
parallel to the direction of slip.    Grooves and striae on individual shear surfaces 
converge toward the axis of symmetry of the crater (Fig.   2).    In some craters, 
the shear surfaces intersect to form narrow truncated pyramids (Fig.   4).    In 
craters in dolomite,   some of the shear surfaces are cone-shaped with the grooves 
and striations radiating outward from the apex of the cones (Fig.   5).    Similar cone- 
shaped shear surfaces found in nature at probable sites of meteorite or comet 
impact have been railed shatter cones.    Shear fractures in craters in basalt are 
marked by intensely pulverized rock;   weakly developed grooves and striae are 
rarely present. 

The shear fractures are slip surfaces which have formed ir. response to 
shear components of stress probably resulting from differences in the principril 
stresses in the diverging Shockwave.    Differences between the prmcipai stresses 
behind the shock front will occur under conditions of plastic flow whenever the 
ratio of the shear strength of the rock to the peak shock pressure is not negligible. 
Cone-shaped shear surfaces are probably propagated from relatively incompres- 
sible small regions or grains as the sh;;ck advances.    The shear failure in such a 
dynamic system may be somewhat analogous to that which occurs under static 
umaxial compression of rock. 
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Figure 2.    Topographic and Structural  Map of Hypervelocity Impact 
Crater in Dolomite. 
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Figure 4.    Photograph of Crater Formed in Nephrite by Impact of 
0.300 g Cooper-Faced Cylinder at 4.85 km/sec. 
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Shear fractures and conical surfaces are systematically distributed with 
respect to the axis of symmetry of the crater.    The axes of two shatter cones in 
a crateiAin dolomite intersect the crater axis at a depth from the original surface 
between one-third and one-half of the depth of the crater (Fig.  2).    In a crater in 
nephrite, bisectors of angles between adjacent shear fractures intersect at two 
points in cross-sectional planes (Fig.  6) and in three dimensions, the points of 
intersection of all shear fracture bisectors describe an oval centered about and 
perpendicular to the axis of crater symmetry.    The plane of the oval lies at about 
one-half the depth of the crater from the block surface.    A spherical projectile 
was used in the experiment with dolomite whereas a cylindrical projectile was used 
in the experiment with nephrite.   The differences of the crater structures produced 
in these two experiments may be related partly to the differences in the projectile 
characteristics or to differences in the physical properties of the target or both. 

Radial fractures.    Fractures radiating from the crater axis are present 
in most craters (Figs.   7 and 8).    The fractures are tensile breaks with rough sur- 
faces and are nearly perpendicular to the surface of impact on the target block. 
Many radial fractures are discontinuous;    isolated radial fractures may occur 
several centimeters from the crater walls.    In some dense nonporous rocks such 
as nephrite and basalt,  the radial fractures are,   in many cases,  propagated far 
beyond the limits of the crater.    In porous rocks such as sandstone and dolomite, 
the radial fractures are generally confined to the crater and die out rapidly with 
depth. 

As shown by the rough surfaces furmed,   radial fracturing is produced by 
tensional failure of the rock.    Tensile stresses may be expected to occur at right 
angles to the direction of propagation of expanding shock wave when the shear 
stresses behind the shock wave are of the same order or less than the dynamic 
shear strength of the rock.    Discontinuous radial fractures are probably propa- 
gated through local regions of relatively low tensile strength. 

Spall fractures.    Spall fractures are tensile breaks formed by rarefaction 
waves reflected from free surfaces of the target blocks.    These fractures form 
thf outer parts of the crater walls and in addition occur beneath the crater walls. 
The parts of the crater walls formed by the spall fractures are the rough irregu- 
larly hummocky surfaces.     The largest fragments of ejecta from a crater can be 
filled snugly into their respective places of origin in the crater wall in "jig-saw" 
puzzle    fashion (Fig.   9).     Inward sloping spall fracture surfaces are present on 
the inward part of the 'largest fragments,   and smaller fragments from the ejecta 
may also be filled in turn into their respective  positions on these surfaces.    About, 
half of the total mass of ejecta from most craters is made up of pieces that may 
be replaced in the i rater on a concentric series of spall fracture surfaces  (Fig. 9). 
Large fragments which arc completely separated by a spall fracture from the tar- 
get block but which were not ejected art; present in the walls of some craters. 

Spall fractures that do not intersect the rock surface in all directions 
occur around or intersei t the walls of most craters.     In general,   such fractures 
can be traced from the crater wall upward and outward into the target block where 
the fracture dies out.     In rare cases,   spall fractures disappear when traced down- 
ward toward the crater from the original surface of the block.     In still other- cases, 
spall fractures  arc found which do not extend to either the crater wall  or the origi- 
nal surface of ine target block. 
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Figure 5.   Photograph of Cone-Shaped Shear Surfaces 
on Floor of Crater in Dolomite Formed by Impact of 
3/16-inch aluminum Spheres at 5.61 km/sec. 
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Figure 7. Photograph of Crater in Basalt Showing Radial Fractures. 
Crater Formed by Impact of 0.588 cm Diameter Polyrthylene Sphere 
at  5 .41  km/sec . 
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Figure 6. Topographic and structural map of crater in nephrite (see 

figure 4) showing radial fractures and spall fractures parallel with the 

sides of the target block. Crater area is shaded; contour interval is 
0.25   centimeter. 
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Figure  9.    Photograph of Crater with Refitted Spall Fragments.    Crater 
Formed by Impact of 0.588 cm Diameter  Polyethylene  Spheres at  5.96 
km/sec in Basalt. 
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Figure  10.    Photograph of spall Region on Reverse  Side of the  Target 
Block of Basalt Struck by  3/32-inch Aluminum Sphere at  7.23 kc/scc. 
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Spall fractures are also formed in dense nonporous rocks by rarefaction 
waves reflected from sides of the target blocks other than the sides struck by the 
projectiles.   A circular region of spalling formed on the reverse side of one target 
block of basalt.   A shallow pie-shaped crater was produced by ejection of fragments 
from about one-third of the circular spall region (Fig. 10).   The irregular hummocky 
sapll fracture surface exposed is similar to the spall fracture surface in the crater 
(Fig. 11).   formed around the path of penetration of the projectile.    Where fragments 
were not ejected,  the block surface is domedover the spall region.   The limit of the 
dome is marked by a line of incipient fractures that may be seen as a faint light- 
colored trace in Figure 10.   A spall fracture underlies the entire dome and separation 
of the two fracture surfaces increases toward the center of the dome.   Because the 
spall fracture dies out in places at the margin of the dome,  the fracture must have 
been propagated from the central part of the spall region outward.   Spall fractures in 
the impact craters were also propagated outward in most cases as is shown by their 
tendency to die out when traced from the crater into the target block. 

Certain features formed by spalling in impact craters in rock are similar 
to the features formed by spalling in craters produced by small charges of high 
explosives detonated at shallow scaled depth (see,   for example.  Duvall and 
Atchison,   1957).    The shape of the outer parts of the crater walls,  the shapes of 
the largest fragments,  and the character of the spall fracture surfaces produced 
in the impact and high explosive experiments are closely similar.    Reflection of 
the shock from a free surface as a rarefaction is the principal mechanism in'the 
formation of both types of craters.    Tensile fractures are initiated where the 
tensile stresses across the rarefaction wave are equal to the dynamic tensile 
strength of the rock. 

The difference in shape of craters produced in rocks and the hemispherical 
craters produced in most metal targets by hypervelocity impact is due chiefly to 
spalling.    Rocks have tensile strengths ( ~ 30-60 kg/cm ) about two orders of 
magnitude less than the tensile strengths of metals ( ä 2 x ID3 - 6. 8 x 103 kg/cm  ) 
and fail in tension beyond the region of plastic flow. 

Concentric fractures.    Short discontinuous arcuate fracture surfaces con- 
centric about the axis of the crater are present at the edges of some craters. 
These fracture surfaces are nearly perpendicular to the original surface of the 
target block and extend a fraction of a millimeter below the target block surface. 

Concentric fractures are probably a result of lensional failure of the rock 
by flexing.    High-speed photographs show that some spall fragments rotate out- 
ward as they leave the crater.    Thus,   if the spall fracture does not extend to the 
surface of the target block,   tensional failure by flexing will occur at the outward 
extremities of the spall. 

SEQUENCE OF EVENTS IN CRATER FORMATION 

The sequence; of events in the formation of hypervelocity impact craters 
in rock may be determined from the combined study of high speed photographs 
and the geometrical relations of the crater structures and ejecta.     A series of 
photographs of oblique impact of an aluminum sphere on basalt taken with a 
Beckman-Whitley camera (Figs.   12a,b,C,d,   and e)  illustrates the phenomena 
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Figure  11.    Photograph of Cratpr in Basalt Formed by Impact of 3/32- 
inch Aluminum Sphere at  7.28 k,m/sec. 
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of fragment ejection.     Except for asymmetry of the spray of ejecta,   similar 
phenomena are observed in cases of impact at normal incidence. 

In all experiments a luminescent front is generated at the moment of 
impact (Fig,   12b) whichis propagated away from the projectile trajectory at 
speeds nearly twice the speeds  of the projectile at small angles to the target 
block surface  (Fig.   12c). 

As the projectile penetrates the rock,   a bowl-shaped spray or column of 
fine-grained ejecta is produced which grows rapidly in height and basal diameter 
(Figs.   12c,   d,   and e).     The expanding column of spray grows upward at a rate 
that is the same order of magnitude as the speed of the projectile.   The  lumines- 
cent front and initial ejecta column are similar to the impact flash and initial 
column of ejecta produced by hypervelocity impact on metals  ((Jehnng,   196U; 
and Charters,   1960).     The initial column of ejecta produced by impact in rock is 
probably formed by flow of strongly shocked material along the wall of an expand 
ing hemispherical cavity in the rock as illustrated for impact in metals by Gehring 
(19G0).     Because the initial shock pressures greatly exceed the dynamic shear 
strengths of the  rocks,   the conditions of flow during the initial stages of cavity 
growth can be approximately described as hydrodynamic (Ejork,   1958). 

The base of the column of high speed ejecta expands to a radius equal to 
the depth of the final crater within a few microseconds.    During the same interval 
of time a low dome is formed on the surface of the target (Fig.   12c).     The visible 
radius of the dome increases at a rate equal to one-half to three-quarters the 
acoustic velocity of the rock out to the radius of the final crater (Fig.   12d).     The 
surface of the dome  rises and the base of the high speed ejecta column continues 
to expand at rates very mach slower than the upward rate of growth of the column 
(Fig.   12c).     Upward growth of the dome is  fastest near the base of the column. 

The dome exhibits irregularities which may be correlated with the margins 
of large spall  fragments in the ejecta.     For example,   the bump about midway on 
the right slope of the dome illustrated in  Figure  12ci  is the edge? of an inner spall 
rraguicnl separating from the  rotating outer spall, fragment;    and,   the flat-topped 
bump on the left side of the dome is another spall  fragment. 

The inner part of tin dome and thus the inner spall fragments of which it 
is composed start to rise first and continue to rise- at a more rapid rate than the 
outer part, of the dome. Individual spaII. fragments are therefore set m motion 
successively in order i>f 'heir distance from the center of the crater. This suc- 
cessive order of ejection is also illustrated by the fact the outcrmosl spall frag* 
ments in some cases fail  to be ejected from the crater- (I'ig.   2). 

SUMMARY 

Hypervelocity impact craters in rock are formed by a combination of 
plastic flow accompanied by crushing and sheai mg of the rock target and by ejec- 
tion Di' the strongly sho. ked dohns and of relatively undeformed fragments torn 
loose along 'ensile fractures.     The formation of the crater  begins wi'h penetration 
of the projei tile,   probably under nearly hydrodynamic <or,d:t;ons.   and 'he propa 
gallon of a  strong shock  into the  rock  target.     Crushing and shearing ' f the  rock 
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occurs in the region of plastic flow behind the shock front out to the distance at 
which the stress differences near the shock front drop below the dynamic shear 
strength of the rock.    Tensile fractures are propagated beyond this distance in 
the direction of propagation of the shock front.    Other tensile fractures are 
initiated by tensile stress across a rarefaction wave produced by reflection of 
the shock wave from the free surface of the target block.    The outer part of 
the crater is formed by ejection of relatively coarse fragments torn loose by 
tensile fracturing.    Individual pieces derived from the peripheral parts of the 
crater are bounded by parts of the initial target surface,  and a combination of 
radial spall and concentric fracture surfact-s. 

Many of the features observed in craters produced by hypervelocity 
impact in rock,   such as the crushed rock,  shear fractures,   radial fractures, 
spall fractures and concentric fractures,  are also present in craters produced 
by high explosives in rock and soil (see,  for e-xample,  Allsman,   i960). 
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MICROPARTICLK HYPERVELOCITV IMPACTS FROM RANGER I 

VV.   M.   Alexander and O.   E.   Berg 

National Aeronautics and Space Administration 
Greenbelt,   Maryland 

ABSTRACT 

An experiment to study cosmic dust was flown on Ranger I,   launched 
August 23,   1061.    The instrumentation provided simultaneous measurements 
of the momentum and energy of a microparticle impacting on acoustical and 
light flash detectors. 

Recent hypervelocity Laboratory studies using microparticles ( ~" 8 
gm/cc) with velocities of 3. 5 x 10^ cm/sec ;$,    v    <     1. 1 x 10' cm/sec indicate 
that the Ranger I Cosmic Dust Experiment detecte~d particles having momentum 
and energy greater than   --■   3 x 10'° dyne-seconds and    ~   .5 ergs,   respectively. 
The threshold mass sensitivity for the energy detector is also a function of the 
particle density.     Preliminary data from  Ringer 1 indicate that ten to fifteen 
percent of the particles detected had densit. es less than 2 gm/cc. 

INTRODUCTION 

In recent years a number of experiments designed to measure various 
physical parameters of interplanetary dust particles have been flown on rockets, 
satellites,   and deep space probes.     To date,   the acoustical detector has provided 
Ine most   statistically   significant data,   Figure 1  (McCracken and Alexander, 
10f>2).    Additional measurements of dust particle parameters have been made with 
the light flash detectors.     Prior to March,   1961,   laboratory calibration of sensors 
in du-;;  particle experiments using microparticles with masses less than  10"" gins 
and velocities in excess of 4 x 10:j cm/sec did not exist.    At that time,   laboratory 
impact studies began using acoustical,   light flash,   and ionization detectors 
(Friichtenicht,   1961).     The laboratory particles had the following dynamic pro- 
perties. 

density,    ~   8 gm /cc; 
mass.   5 ;■;  10"^      <, m    <    7 x 10 gm;    and 
velocity,   3.5 X   1U:J  cm/sec    <    v     <    1. 1   x   lü''  cm/see. 

From the results of these studies and the use of present hypervelocity penetration 
t'heorirs,   it is apparent that t!je dust particle experiment on Ranger I,   launched 
on August 23,   1961,   detected particles of different densities. 
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Figure 1. The average distribution curve established by direct 
measurements from microphone systems for interplanetary dust 
particles  in the vicinity of Earth 

KXi'KRIMKN I   LNSTRUMKNTATION 

Figure' 2 shows the furu-Uonal block diagram of the i nsmn   dust experiment 
which was a part of 'he scientific instrumentation of Ranger I.      The experiment con- 
■allied two sensors,   light flash and acoustical,   which detected  impacts ol dust 
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Figure   3.    Threshold crater  cirteria for detection of light flash 

8 

particles on a single su "face.     The impact surface was the face ol  the pholomulti- 
plier tube.     The acoustical detector was attached to the glass envelope of the PMT; 
therefore,   simultaneous detection of the im;)act uf a single- particle with both sen- 
sors was possible. 

The previously mentioned impact studies indicate that the sensitivity thresh- 
old for the Hanger I acoustical detector was 3*  1.5 x  10"° dyne-sees for velocities 
up to   ~ ' 1. 5 x  1 o'' cm /sec. 
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The PMT,   Figure 2,   had an evaporative coating of aluminum on the face 
of the tube.     This coating had to be penetrated before the light flash sensor would 
detect an impacting particle.    Numerous equations have been derived for the depth 
of impact surface penetration of a hypervelooity particle as a function of the dynam- 
ics and composition of the particles and the impact sur-faces (Charters and Locke, 
1958;    Summers,   1959; Collins and  Kinard,   1960;  Bjork,   1960).    For the purpose 
of an initial interpretation of the Ranger 1 dust particle experiment data,   the approach 
outlined below is taken in order to develop a mass sensitivity threshold fr;r the light 
flash detector. 

Most of the presently used criteria show penetration to be a function of 
particle diameter and particle velocity to the 2/3 or 1/3 power.     The criteria de- 
veloped at the Ames Research Laboratories in recent years also includes physical 
parameters of the impact surface and of the particle (such as particle density). 
The equations of the Ames group  (called the Ames criteria) are used at this lime 
since they were evolved from experiments where the particle density was varied 
over an order- of magnitude (    ~' 1. 5 to    ~   17 gm/cc).     The Ames velocity was above 
the point of fluid flow,   though not as high as low meteor velocities.     In the Ames 
criteria the penetration is a function of the following particle variables:    (1) particle 
diameter,   (2) panicle density to the 2/3 power,   and  (3) particle velocity to the 2/3 
power.    To establish a threshold mass sensitivity,  an impact velocity and depth of 
penetration necessary for light detection were assumed.     Using the Ames criteria, 
a penetration depth of 4 microns and a velocity of 1. 5 x 10° cm/sec,   the diameter of 
the threshold particle as a function of particle density was determined and shown in 
Figure 3.     Figure 4 shows the light flash threshold sensitivity in terms of particle 
mass as a function of density.     The acoustical sensitivity threshold  (expressed in 
terms of mass assuming the velocity stated above) is also shown in  Figure 4. 

The curves in Figure 4 demonstrate that the experiment could measure 
three different types of events:    An impact detected by the light flash sensor alone; 
a simultaneous detection of a single impact by both sensors;    and an impact detected 
only by the acoustical sensor.     The latter event would only be a particle of low 
density. 

RESULTS 

Ranger 1 was  launched on August 23,   1961.     One to a vehicle system mal- 
function,   the Spacecraft was placed in a near earth orb;;   resulting in a spacecraft 
lifetime of only a few days.     However,   the dust, particle experiment functioned prop- 
erly for this period,   and data was obtained from several telemetry stations.     A 
small sampling of the dust particle distribution near the earth for a shorl  period of 
time was obtained from the experinru nt.      However,   the unique contribution of this 
data appears to be an initial satellite measurement of particle density. 

L)ata from sixty-six minutes of the Ranger 1 dust particle experiment 
showed the following types of impacts: 

Light flash only 42 events 
Both detectors 9 events 
Acoustical only 6 events 

57 events 
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The above information indicates that between ten and fifteen percent of the 
impacting particles had a density probably less than 2 gm/cc.    A'density greater 
than 2 gm/cc is indicated for sixty to seventy-five percent of the particles.    It is 
interesting to note that these percents are quite similar to those reported recently 
by Hemenway from rocket collection experiments. 

Other approaches concerning selection of penetration criteria could have 
been used.     However,   until a considerable advance has been made in penetration 
criteria,   it appears reasonable to use the Ames criteria.    One of the impact studies 
previously mentioned was an investigation of the penetration of aluminum on glass. 
Tile dimensions of the hole opening on the glass side of the Al for impacts approach- 
ing 1  K lü1' cm/sec were within a factor of 1. 2 of that predicted by the Ames criteria 
(density constant).     Impact studies where the density of the particle will vary by a 
factor of 4 from those in use at the present lime will be forthcoming in the near 
future. 

Another question can be raised concerning the use of a constant velocity in 
the computations.     For particles of micron dimensions that are very near the earth, 
the velocities should be near earth's escape velocity.    Other factors could cause 
velocity variation,   but it is felt that this variation is less than the density parameter 
variation.    The velocity problem may lie resolved if the analysis of velocity modula- 
tion due to orbital spacecraft position becomes possible. 
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SUMMARY  --  EXPERIMENTAL STUDIES  * 

R.   J.   Eichelberger 

Ballistic Research Laboratories 
Abderdeen Proving Ground,   Maryland 

The Fifth Symposium has been the recipient of a number of very interesting 
experimental papers.     It is necessary to examine critically,   however,   their con- 
tributions to the state of knowledge,   in the light of the situation existing previously. 

To consider the more specialized papers first,   that by Moore,   Lugn,  and 
Gault on impact in rock was especially interesting.    Ii comprises a tour de force 
of the complex phenomena in brittle materials resulting from the passage and inter- 
action of the various stress waves ensuing from hypervelocity impact.    They have 
also shown evidence supporting the concept that the fracture phenomena are super- 
posed upon a cratenng process which is not different at least qualitatively,   from 
that observed in ductile materials.     Thus,   their results are in agreement with 
earlier observations on brittle materials,   but have materially advanced the state 
of detailed knowledge of the variety of effects to be studied by a careful investigator. 

Kineke's observations of shock velocity in luciLe have brought to light 
another important characteristic of at least one class of brittle materials,   the poly- 
mer plastics.     He has demonstrated what appears to be a relatively large strength 
effect 0  compared with metals) that is of very great interest with respect to high 
speed deformation of solids,   and may be of considerable practical importance, 
also.    It clearly illustrates that a hydrodynamic approximation,   neglecting strengt); 
effects,   cannot be properly applied to all materials;    it is important to learn whether 
the resistance» to deformation is dependent upon deformation rale. 

In the work reported on Lhin largel perforation,   that of VValsun is very 
interesting,   especially with respect to the very precise agreement between pre- 
dicted and observed results.     It must be always kept in mind,   however,   that the 
physical model used and consequently, the results,   are applicable only at inter- 
mediate velocities,    they are not  representativ-e of hypervelocity impact.    The work 
of Humes,   Hopkc,   and Kinard represents a beginning to the accumulation oi engi- 
neering data pertinent to protection of space vehicle.« from meteoroid impai t.    The 
paper of Vitah,   Becker,   and  Watson (published herewith,   although not presented 
at the symposium) provides even greater detail and quantitative descriptions of 
the effects of plate perforation. 

Caution  must be observed,   howevei .   in applying any of ihe conclusions. 
The velocities attained in the experiments have not been suffu iently high,   and the 

♦ Remarks are confined to Ihe unclassified papers presented in '.he experiment 
sessions of the symposium. 
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theoretical treatments are not sufficiently complete (and are as yet untested), 
to permit confident prediction of behavior under hypervelocity conditions.    For 
example,  the type of "bumper" experiments that have been conducted by a num- 
ber of laboratories,   in the range of impact velocities from 3 to 5 km/sec, indi- 
cate that bumpers can be very'effective.    On the other hand,   it is known that the 
considerable amounts of material ejected from the crater produce an "amplifica- 
tion" of forward momentum.    Even at moderate impact velocities,   the momentum 
absorbed by a target is more than double that of the impacting projectile;   Soviet 
workers have estimated that at meteoroid velocities an amplification of an order 
of magnitude would be experienced.   If such an increase in momentum were trans- 
mitted to the surface of a vehicle by means of the spall projected from a bumper 
plate, more damage might be done to the vehicle than would have been done by the 
projectile itself.    While there is no evidence to show that such would be the case, 
the possibility suggests caution in the interpretation of the experimental obser- 
vations. 

With respect to the more general aspects of crater formation,  the most 
promising investigations reported were those pertaining to transient phenomena, 
report^H by Kineke and by Frazier and Karpov.    Kineke,   in particular, has pre- 
sented the initial results of a comprehensive analysis of the conditions existing 
during crater formation,   which has already yielded significant results in terms 
of duration of the stages of cratering,  pressures produced, and influence of 
material properties.   Combination of these techniques with the newer,  more 
potent acceleration techniques currently available should be very fruitful and 
should produce information on truly hypervelocity impact.    Supplemented by 
techniques that are in final stages of development, which will provide observations 
of pressure pulse shape and of particle velocity,   they should yield data entirely 
adequate for a detailed test of theory or for use as a foundation for theoretical 
efforts. 

While these techniques are extremely promising, they have as yet provided 
only preliminary observations.     Their intensive exploitation still lies in the future. 

The purely  empirical approach has remained relatively unproductive.    The 
symposium has received two major contributions in the form of surveys and 
analyses of ail the available impact data, by Herrmann and  by Bruce (the latter 
published but not presented orally).     These papers can be extremely useful,   pro- 
vided Herrmann's comments are given appropriate attention;    the results represent 
a purely expirical   analysis,   without foundation in theory,   and consequently cannot 
1H; trusted for extrapolation.     More specifically,   no account has been taken in 
either case of the rnulliple-stage character of the process under study;    the influ- 
ence of parameters that are important in only one stage is averaged over all,   in 
effect neglecting the changes in relative importance of the several stages with 
varying velocity.     It is perhaps regrettable that a more pirecarious but potentially 
more useful analysis,   based upon the phenomenological model,   was not attempted. 

The impact of the new empirical  work presented can perhaps be best 
summarized by considering each physical parameter,   as was done in the introduction, 
and noting any changes in opinion occasioned by work during the past eighteen months. 

a.     Velocity - The general impression that crater volume is directly pro- 
portional to   V^    has been considerably reinforced,   but still applied only to veloc- 
ities  less than 12 km/sec  (see below,   under Strength). 
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b. Mass - Scaling laws have been further supported.    However,  the 
conclusion of Cannon,  Clark,  and Lee that the validitv of linear modeling laws 
implies viscous forces are negligible must not be carelessly extended to include 
strength parameters that are independent of deformation rate.   Consequently, 
the scaling results cannot be accepted as vindication of a hydrodynamic treatment 
of the phenomenon. 

c. Shape - No change. 

d. Density - No essential improvement in the situation is evident.    Super- 
ficial, analysis of data still yields the result that density of both projectile and 
target play a role,  but does not separate contributions to primary penetration and 
to cavitation. 

e. Wave propagation velocity - No change.     Again some reservations must 
be held,  though wave propagation properties certainly are important in determining 
at what impact velocities changes in cratering mechanism will occur,   even though 
they do not appear in empirical correlations. 
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Figure 1. Comparison of micro-parti( le data at 10 and 12 km/sec with ex- 
trapolations of Herrmann's empirical formulae and with Bjork's 
theoretifal results. 
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f. Compressibility - Still no attempt at correlation. 

g. Strength - It is unanimously accepted that the resistance to deformation 
of the target material is important in the tests reported but,   on the basis of very 
dubious extrapolations (Herrmann,  and Rockowitz,   Carey and Dignam) the inference 
has been drawn that the strength effects would diminish at higher impact velocities. 
In Figure 1 is presented an adaptation of one of Herrmann's correlation plots,   with 
data obtained from micro-particle impacts at 10 and 12 km/sec on HOOF and 24ST 
aluminum targets.    Since the particles were iron rather than aluminum,  their close 
agreement with Herrmann's correlationscannot be attributed any great significance. 
The important point is that the ratio of penetrations into the two alloys is the same 
at 12 km/sec as at much lower velocities.    Furthermore,  tests conducted at the 
Ballistic Research Laboratories just prior to the symposium,   using 17 km/sec jet- 
pellets fired into the same two alloys,  showed that the influence of strength was 
still unabated at that velocity. 

h.    Obliquity - The work reported by Smith,  Clayden,   Wall,   and Winter 
and the paper by Bryan (published,  but not included in the symposium presenta- 
tions) arrive at different conclusions concerning the quantitative correlation 
between crater dimensions and angle of obliquity.    While tiie relationship proposed 
by Smith is more plausible,  physically,  it falls outside the range of uncertainty of 
Bryan's and Kineke's experimental data.    In Figure 2,   Bryan's correlation is shown 
with the U,   K.   data included for comparison.    There appears to be no significant 
discrepancy. 

In more general terms,   it appears that the purely empirical approach to 
the hypervelocity impact problem has been singularly unproductive.    Inability to 
achieve sufficiently high impact velocities to adopt a straight-forward engineering 
procedure,   together with a regrettable lack of perception in analysis of the data 
obtained,   have essentially prevented any significant   progress.     The hitter failing 
is particularly lamentable because there is no justification for it.    Procedures for 
analyzing crater data,   with a view to extracting all possible information pertinent 
to the cavitation part of the process,   were demonstrated at the Rand Symposium 
in 1955.    Since then, a phenomenological model has been established which lends 
further support to the methods outlined.     Yet,   not a single paper has shown any 
inclination to follow the methods that have already been provided.    Detailed inspec- 
tion of crater profiles is completely neglected,   and the techniques for determining 
ilow patterns (Smith,   et al. ,   and Frazier and Karpov) are used as one-time demon- 
strations rather than as a means of accumulating useful quantitative information. 
The difficulties are likely to be circumvented in the immediate future by use of the 
new projection techniques described earlier in the symposium;    it is nonetheless 
discomforting to realize the amount of effort that has been expended for so little 
gain. 

The" future,   on the other hand,   appears to hold particularly bright promise. 
Combination  of the new projection techniques with the methods described for ob- 
serving transient conditions should finally provide a definitive test of the theoretical 
results as well as the urgently needed empirical data. 
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